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The  effect  of  addition  of  internal  energy  to  the  ion  or  neutral  reactant  in  an 
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ABSTRACT 


The  effect  of  addition  of  Internal  energy  to  the  Ion  or  neutral  reac¬ 
tant  In  an  Ion -neutral  process  has  been  investigated.  Changes  in  the  cross 
section  for  certain  processes  are  reported  and  a  change  In  the  state  of  ex- 
cl latlon  of  the  final  product  can  In  some  cases  be  postulated.  The  follow¬ 
ing  reactions  have  been  considered: 


o'*”  +  -*■  no'*’  +  N 

n'*'  +  N2  N  +  N^"^ 

n'*’  +  O2  0  +  N  +  0'*' 

N  +  O2  no"*"  +  0 

n"*"  +  O2  N  +  O2'*' 


"2  *  "2 


N2'*’  +  0  no'*’  +  N 


Where  the  cross  section  was  found  to  increase  with  addition  of  internal 
energy  to  either  the  ion  or  the  neutral,  an  approach  to  near  resonance  was, 
in  some  cases,  found  to  have  occurred.  In  such  cases  one  or  the  other  of 
the  product  particles  may  be  produced  in  an  excited  state.  When  the  inter¬ 
nal  energy  change  is  small  compared  to  the  energy  defect  for  the  reaction, 
little  or  no  change  in  the  cross  section  is  observed. 
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1.  INTRODUCTION 


The  transmission  of  radio  and  radar  signals  through  the  atmosphere  de¬ 
pends,  in  large  measure,  on  the  free  electron  density  in  the  ionosphere. 

The  density  of  these  free  electrons  is  a  function  of  both  the  amount  of 
ionization  that  is  occurring  and  the  magnitude  of  the  rate  coefficients  for 
the  various  mechanisms  available  for  electron  loss.  In  the  normal  atmos¬ 
phere,  ionization  is  produced  primarily  by  photoionization  processes  initi¬ 
ated  by  solar  radiation.  During  periods  of  increased  solar  activitv,  the 
amount  of  ionization  and,  hence,  the  free  electron  density  are  increased, 
resulting  in  degradation  of  radio  and  radar  equipment  performance. 

Artificial  disturbances  of  the  ionosphere,  such  as  those  resulting 
from  nuclear  weapons  detonation,  greatly  increase  the  free  electron  density. 
The  resultant  degradation  in  radio  and  radar  signals  can  seriously  affect 
the  operation  of  military  communications  systems.  Since  the  Nuclear  Test 
Ban  Treaty  nas  eliminated  atmospheric  testing  of  nuclear  weapons,  the  de¬ 
gree  to  which  artificial  disturbances  of  this  nature  will  influence  elec¬ 
tromagnetic  transmission  cannot  be  ascertained.  Therefore,  considerable 
effort  has  been  expended  on  laboratory  and  theoretical  studies  of  atmos¬ 
pheric  ionization  that  would  be  expected  from  detonating  weapons  and  on  the 
deionization  processes  that  return  the  atmosphere  to  normal. 

Part  of  the  overall  interest  in  the  upper  atmospheric  process  is  re¬ 
flected  in  the  Defense  Nuclear  Agency  (DNA)  Reaction  Rate  Program.  This 
program,  which  supports  research  in  the  study  of  atmospheric  deionization, 
involves  ^  situ  measurements  of  natural  disturbances  in  the  atmosphere 
(e.g.,  polar  cap  absorption  events),  theoretical  studies  and  laboratory 
measurements  of  pertinent  reaction  rates,  cross  sections,  and  other  fea¬ 
tures  of  the  interactions  that  can  occur  among  electrons,  ions,  and  neutral 
species  in  the  upper  atmosphere.  Current  progress  in  the  field  is  reported 
in  the  DNA  Reaction  Rate  Handbook. 
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The  program  under  way  in  the  Gulf  Radiation  Technology  (Rad  Tech) 
laboratory  (under  Contract  DNA001-72-C-0254)  examines  one  phase  of  the 
deionization  problem:  reactions  of  atmospheric  ions  with  neutral  species. 
The  primary  objective  of  this  phase  of  the  ion-neutral  reaction  program  is 
the  study  of  charge-transfer  and  ion-molecule  processes.  Since  the  most 
probable  cause  of  the  loss  of  electrons  in  the  upper  atmosphere  is  dissoci¬ 
ative  recombination,  it  is  important  to  know  (1)  the  molecular  ions  that 
are  present,  (2)  their  cross  sections  for  formation,  (3)  the  effects  of  in¬ 
ternal  energy  of  the  reactants  on  their  rate  of  formation,  and  (4)  the  fate 
of  any  excess  energy  that  results  from  their  formation.  The  present  program 
places  special  emphasis  on  studies  of  problems  posed  by  items  3  and  4  above. 
In  the  past,  these  aspects  of  atmospheric  deionization  have  received  very 
little  attention  in  the  energy  regime  above  thermal. 

The  major  goal  of  the  current  program  was  to  devise  a  means  for  intro¬ 
ducing  internal  energy  into  the  neutral  and  ionic  primary  particles  and  to 
Investigate  the  effect  of  this  internal  energy  on  the  overall  reaction 
probability  for  formation  of  certain  ionic  species  and  the  state  of  excita¬ 
tion  of  the  final  products.  Processes  that  were  studied  in  this  manner 
include: 


o'*'  +  ->■  NO"^  +  N 

n'*'  +  N  + 

+  0.,  0  +  N  +  0^ 

+  O2  NO^  +  0 

+  O2  N  +  0^ 

+  O2  -  +  O'lj 


A  further  program  conducted  during  the  past  year  was  the  development 
of  a  source  of  oxygen  atoms  for  use  in  our  crossed  ion-modulated  beam 
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apparatus.  In  this  study,  we  used  both  rf  excitation  of  oxygen  containing 
molecules  and  thermal  dissociation  of  molecular  oxygen  to  form  the  0  atoms. 
The  degree  of  dissociation  attained  in  these  beams  was  determined  by  meas¬ 
uring  signals  trom  the  following  reaction,  for  which  the  cross  section  is 
known: 

+  0  H  +  6^ 

Using  the  0  atom  beam,  the  reaction 

N2  +  0  no'*’  +  N 

was  studied. 

The  final  task  completed  during  the  past  year  was  the  co-authorship  of 
a  revision  of  a  chapter  in  the  DNA  Reaction  Rate  Handbook  entitled  "Labora¬ 
tory  Methods  of  Obtaining  Reaction  Rate  Data," 

The  following  sections  of  this  report  describe  the  apparatus  used  foL 
the  experimental  measurements,  the  results  of  the  measurements,  and  a  dis¬ 
cussion  of  the  results.  Reprints  of  papers  published  during  the  past  year 
and  preprints  of  papers  written  for  future  publication  are  included  as 
appendices . 
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2.  EXPERIMENTAL  METHODS 


The  cross-ion-modulated  neutral  beam  apparatus  has  been  described  in 
(2-4) 

the  literature.  Thus,  only  an  abbreviated  description  is  given  herein. 

Also  included  is  a  brief  description  of  the  extrapolation  procedure, de¬ 
veloped  in  our  laboratory,  for  extending  the  measured  cross-section  curves 
to  thermal  energies. 

2.1  PRIMARY  AND  SECONDARY  ION  SYSTEMS 

Figure  1  shows  a  schematic  of  the  experimental  apparatus.  The  primary 
ions  are  extracted  from  an  electron-bombardment  source  and  mass-analyzed  at 
an  energy  of  75  eV  in  a  180°  magnetic-mass  spectrometer.  After  analysis, 
the  ions  pass  through  an  aperture  in  an  iron  plate  that  shields  the  magnetic 
field  of  the  muss  analyzer  from  the  succeeding  regions  of  the  apparatus. 

The  ions  are  then  retarded  or  accelerated  to  the  desired  collision  energy, 
and  pass  through  a  field-free  region  before  intersecting  the  neutral  beam. 
Collimating  apertures  ensure  that,  from  purely  geometrical  considerations, 
all  primary  ions  pass  through  the  modulated  neutral  beam.  The  beam  is  modu¬ 
lated  at  100  Hz  by  mechanical  chopping. 

Secondary  ions  resulting  from  collisions  between  the  primary  ions  and 
npitfral  snerlpR  ptp  pxrrarrpH  along  rhp  HirprMon  of  rhp  nrimary  ion  hpam 
by  an  electric  field  cf  approximately  2  V/cm.  The  ions  then  enter  an  elec¬ 
tric  field  in  which  thexr  energy  is  increased  to  1650  eV.  Penetration  of 
this  accelerating  field  into  the  interaction  region  is  reduced  by  the  use  of 
a  double-grid  structure. 

After  acceleration,  the  ions  pass  through  an  electrostatic  quadrupole 
lens^^^  that  forms  the  entrance  slit  for  a  6C°-sector  magnetic-mass  spec¬ 
trometer.  The  mass-selected  ions  impinge  on  the  first  dynode  of  a  14-stage 
CuBe  electron  multiplier.  For  all  ions  formed  by  charge  transfer  or  ion- 
molecule  reatiors,  the  most  abundant  Isotope  is  used  when  making  measurements. 


■’receding  page  blank 
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Figure  1.  Crossed  ion  and  neutral  beam  apparatus 


The  cross  sections  are  corrected  for  the  isotope  effect  created  by  collect¬ 
ing  only  those  having  this  mass.  The  output  from  the  multiplier  passes  suc¬ 
cessively  through  a  preamplifier,  a  100-Hz  narrow-band  amplifier,  and  a 
phase-sensitive  detector,  and  is  then  Integrated.  The  output  is  presented 
on  a  chart  recorder. 

The  primary  ion  beam  Intensity  is  measured  at  the  Interaction  region 
with  a  Faraday  cup,  which  can  be  moved  into  the  collision  region  when  de¬ 
sired.  The  primary  Ion  energy  is  determined  from  retarding  potential  meas¬ 
urements.  All  surfaces  at  the  interatlon  region  and  the  Faraday  cup  are 
coated  with  alkadag,  and  the  interaction  region  is  normally  maintained  at 
120°C  to  minimize  suface-charglng. 


Because,  in  the  present  work.  Interest  extended  to  small-collision 
energies,  only  weak  extraction  fields  at  the  collision  region  were  used. 

As  a  result,  the  secondary  ions  were  not  collected  with  100%  efficiency. 
Obtaining  absolute  cross  sections  for  production  of  various  secondary  ions 
required,  therefore,  determination  of  their  overall  detection  efficiency. 
This  latter  consideration  was  governed  by  a  number  of  factors,  including 
the  multiplier  gain  and  the  efficiency  of  transmission  of  the  secondary  ions 
from  the  interaction  region  to  the  multiplier. 


The  multiplier-amplifier-recorder  gain  is  measured  by  modulating  the 
primary  ions  prior  to  their  entry  into  the  collision  region.  The  ion  cur¬ 
rent  signal  is  first  measured  with  the  movable  Faraday  cup  and,  after  tra¬ 
versing  the  secondary  mass  spectrometer  multiplier-amplifier  system,  by  the 
rprnrdi-r.  Primary  lor.  trar.sn’issicr.  through  the  second  mass  spectrometci  i» 
92%.  Typical  gains  for  the  entire  system  are  of  the  order  of  10^^  output 
volts  on  the  recorder  per  ampere  of  incoming  current.  In  practice,  gains 
are  measured  for  each  product  ion. 


The  major  experimental  uncertainty  is  associated  with  the  collection 
efficiency  for  the  secondary  ions.  Collection  fields  large  enough  to  ensure 
total  collection  of  the  secondary  ions  cannot  be  used  because  of  the  influ¬ 
ence  these  fields  exert  on  the  motion  of  low-er.ergy  primary  ions.  While 
measurements  of  the  variation  of  collection  efficiency  with  the  strength  of 
the  extraction  field  can  readily  be  made  at  high  primary  ion  energies,  the 
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resu? w j  are  not  necessarily  relevant  to  the  low-energy  regime,  where  the 
dynamics  of  the  ion-neutral  process  may  be  different.  Interpretations  of 
the  present  data  obtained  using  weak  collection  fields  is  based  on  the  as¬ 
sumption  that,  for  primary  ion  energies  above  a  few  eV,  the  secondary  ions 
are  collected  with  nearly  equal  efficiency,  and  that,  as  a  result,  the  col¬ 
lection  efficiency  is  independent  of  both  the  nature  and  the  energy  of  the 
primary  ions.  This  assumption  implies  that  the  energy  defect  in  the  reac¬ 
tion  is  not  large,  since  energy  not  expended  in  excitation  of  the  products 
must  appear  as  kinetic  energy  and,  therefore,  would  influence  the  collection 
efficiency. 

2.2  NEUTRAL  BEAM  FOR.MATION  AND  MEASUREMENT 


2.2.1  Beams  of  Stable  Gases 

Beams  of  ground  state  N2  and  O2  are  formed  by  effusion  from  a  small 
hole  in  a  room- temperature  tungsten  or  iridium  tube  curtaining  the  gas 
(Figure  1).  Beam  density  is  determined  using  the  cosine  law  of  molecular 
effusion^^^  where  the  pressure  in  the  tungsten  source,  the  area  cf  the  aper¬ 
ture  in  the  tube,  and  distance  from  the  aperture  to  the  interaction  region 
are  known  factors. 


Tlie  vibrational  energy  in  the  neutral  beam  can  be  changed  by  resistive 
heating  of  the  tungsten  source.  Temperatures  as  high  as  2800°K  have  been 
used  for  this  vibrational  excitation,  with  the  temperature  being  monitored 
by  an  optical  pyrometer.  Tables  i  and  2  summarize  the  results  of  calcula- 
Liuiis  of  the  vibrational  pcpulaticr.  c5  the  ground  electronic  states  of 
and  O2,  respectively,  as  a  function  of  the  temperature  of  the  gas.  The  beam 
density  of  the  neutral  flux  due  to  temperature  changes  are  corrected  when 
effects  of  vibrational  excitation  of  the  neutral  species  are  being  studied. 


More  extensive  excitation  of  N2  and  0^  molecules  used  rf  techniques. 
In  these  studies,  the  furnace  source  was  replaced  by  a  glass  U-shaped  dis¬ 
charge  tube  with  a  small  hole  in  the  bottom  of  the  U-bend.  Electrodes 
attached  to  the  outside  of  each  leg  of  the  U  served  to  introduce  the  rf 
power  into  the  gas. 
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TABLE  1 


CALCULATION  OF  VIBRATIONAL  DISTRIBUTI  )NS 
FOR  NITROGEN 


TEMPERATURE 

V=0 

vn 

M-2 

V-3 

V=4 

SCO. 

1.000 

.CQOO 

.COOC 

.0000 

.0000 

40C. 

l.COO 

.0002 

.QOCC 

.OOCO 

.0000 

50C. 

.999 

.  0012 

,000C 

.00C3 

.0000 

BOD. 

.996 

.0036 

.GOOD 

.CCOQ 

.  OCOO 

7CC. 

.992 

.CU8C 

.0001 

.COOC 

.3000 

SCO. 

.985 

.0145 

.0002 

rCDOO 

.  3000 

900. 

.976 

.  C23G 

.C0C6 

,OOCC 

.DCOC 

iOCO. 

.966 

.0331 

.C012 

.0000 

.COCO 

IICO. 

.953 

.  04  44 

.0021 

.CODl 

.0000 

12C0. 

.94C 

.0565 

.0035 

.C002 

.0000 

130C. 

.925 

.  C691 

,0053 

.0004 

.0030 

1400. 

.91C 

.0818 

.r.07R 

.0007 

.0001 

150C. 

.894 

.09  '  i 

.C1C2 

.ceil 

.3001 

16CC. 

.878 

.1066 

.0133 

.0017 

.0002 

170C. 

.862 

.  1185 

.0167 

.0024 

.0004 

1800. 

.346 

.1298 

.C204 

.0033 

.  0C05 

190C. 

.830 

.  1406 

.C243 

.0C43 

.0008 

2000. 

.814 

.1507 

.0285 

.0055 

.  3C11 

21CC. 

.793 

.  1602 

.0328 

.CC63 

.0015 

2  2CC. 

,783 

.1690 

.0372 

.0083 

.:ci3 

230C. 

.768 

.  17  72 

.C416 

.0100 

.0024 

240C. 

.754 

.1848 

.0461 

.C117 

.0033 

250C. 

.739 

.  1913 

.0506 

.0136 

.0037 

260C. 

.725 

.1 982 

.C55C 

.0155 

.3044 

2700. 

.712 

.  2041 

.0594 

.0176 

.2053 

2bUU. 

.by9 

.063/ 

.6137 

.  3062 

2900. 

.686 

.  2144 

.063C 

.C219 

.0071 

30CC. 

.674 

.2189 

.0721 

.C241 

,3082 

31C0. 

.662 

.  2230 

.0761 

.0263 

.0092 

32GC. 

.65C 

.2267 

.030C 

.C286 

.0134 

33C0. 

.639 

.  230C 

.0838 

.C3C9 

.0116 

34CC. 

.629 

.233C 

.0875 

.C372 

.3128 

35  OC. 

.618 

.  2357 

.Q91C 

.C355 

.□14C 

36CC. 

.603 

.2  382 

.0944 

.C373 

.3153 

37CC. 

.593 

.  24  04 

.0977 

.0401 

.3167 

3  see. 

.599 

.2423 

.1008 

.0424 

.0193 

39CC. 

.58C 

.  244C 

.1038 

.C447 

.  0194 

40CC. 

.571 

.2455 

.  1068 

.C463 

.3208 

V  =  5 


.COCC 

.□CQC 

.COCC 

.CCQC 

.CCCC 

.COCC 

.COCC 

.ODCC 

.DDCC 

.CCCC 

.ODCC 

.CCCC 

.COCC 

.cooc 

.CCCl 

.OCCl 

.CCCl 

.0CC2 

.COCC 

.cco^ 

.COCG 

.CC03 

.CCIC 

.CC13 

.COIC 

.CC2C 

.0C2‘f 

.CC23 

.C03Z 

.CC32 

.CO‘4‘1 

.0C5C 

.CC5C 

.CCC3 

.CC7C 

.CC73 

.coec 

.CC93 
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TABLE  2 

CALCULATION  OF  VIBRATIONAL  DISTRIBUTIONS 
FOR  OXYGEN 


TEMPERATURE 

V=0 

V-1 

V-2 

Vr3 

V=4 

V  =  5 

300. 

.999 

.0005 

.COCO 

.00  00 

.0000 

.0000 

400. 

.996 

.0035 

.0000 

.0000 

.0000 

.0000 

500- 

.989 

.0109 

.0001 

.0000 

.0000 

.COCO 

BOO. 

.977 

.0227 

.0006 

.0000 

.0000 

.0000 

700. 

.960 

.0383 

.0016 

.0001 

.0000 

.coco 

800. 

.940 

.0560 

.0035 

.0002 

.0000 

.0005 

90C. 

.918 

.0749 

.0063 

.0006 

.0001 

.0000 

1000. 

.895 

.0938 

.0102 

.0011 

.0001 

.0000 

HOC. 

.871 

.  1120 

.0149 

.0020 

.0003 

.0000 

1200. 

.847 

.1292 

.0203 

.0033 

.0005 

.0001 

1300. 

.823 

.14  51 

.0263 

.0049 

.0009 

.0002 

1400. 

.799 

.1595 

.0326 

.0063 

.0015 

.0003 

1500. 

.776 

.1726 

.0392 

.0091 

.0022 

.0005 

1600. 

.754 

.1842 

.0459 

.0117 

.0030 

.0008 

1700. 

.733 

.1945 

.0526 

.0145 

.0041 

.0012 

1800. 

.713 

.2035 

.0532 

.0176 

.0053 

.0016 

1900. 

.693 

.2115 

.C657 

.C203 

.3067 

.0022 

2000. 

.675 

.2184 

.0719 

.0241 

.0082 

.0028 

2100. 

.657 

.2243 

.0779 

.0275 

.0098 

.  C Oo 6 

2200. 

.B4C 

.2295 

.0836 

.0309 

.0116 

.0044 

2300. 

.624 

.2339 

.0890 

.0344 

.0135 

.0054 

2400. 

.608 

.2377 

.0942 

.0379 

.3154 

.0064 

2500. 

.594 

.  2409 

.0990 

.0413 

.3174 

.0075 

2600. 

.58C 

.2436 

.1036 

.0447 

.0195 

.0086 

2700. 

.567 

.2458 

.1079 

.0485 

.0216 

.0098 

^UUU. 

.554 

.2476 

.1120 

.0513 

.0237 

.0111 

2900. 

.542 

.2491 

.1158 

.0545 

.0259 

.0125 

3000. 

.531 

.2503 

.1133 

.0576 

.0281 

.0138 

3100. 

.520 

.2512 

.1227 

.0606 

.0302 

.0152 

3200. 

.510 

.2519 

^1258 

.0635 

.0324 

.0167 

3300. 

.500 

.2524 

.1287 

.0663 

.0345 

.0182 

3400. 

.491 

.2527 

.1314 

.0691 

.0366 

.0196 

3500. 

.482 

.252!’ 

.1340 

.0717 

.0387 

.0211 

3600. 

.473 

.2528 

.1364 

.0743 

.0403 

.0226 

3700. 

.465 

.2527 

.1336 

,076  7 

.0423 

.0242 

3800. 

.457 

.2525 

.1457 

.0/91 

.0449 

.0257 

39CC. 

.450 

.2522 

.1427 

.0814 

.0469 

.0272 

4000. 

.443 

.2513 

.1445 

.0836 

.0433 

.0287 
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For  both  the  thermal  and  rf  excitation  experiments,  care  was  taken  to 
eliminate  any  charged  particles  that  might  be  emitted  by  the  source.  Elec¬ 
trostatic  sweep  plates  were  used  for  this  purpose. 

2.2.2  0  Atom  Beam  Sources 

Two  methods  were  used  to  form  the  0  atom  beam.  The  first  of  these  was 
dissociation  of  molecules  containing  oxygen  atoms  in  an  rf  discharge,  both 
0^  and  CO2  were  used;  both  cases  resulted  in  the  production  of  0  atoms. 

The  major  problem  associated  with  this  type  of  source  is  the  lack  of 
knowledge  of  other  species  that  may  be  present  in  the  neutral  beam.  The  rf 
excitation  is  not  specific  and  can  produce  both  atoms  and  molecules  in 
metastable  states  with  unknown  concentration. 

Thermal  dissociation  of  oxygen  in  an  iridium  tube  furnace  was  the  sec¬ 
ond  technique  used  to  produce  0  atoms.  Thermal  methods  of  dissociation 

eliminate  the  possibility  of  the  presence  of  excited  0  and  0  atoms  in  the 

9  i 

beam,  but  result  in  low  beam  densities  ('v-10  atoms/ cm  )  because  of  the  low 
pressures  required  in  the  source  for  sufficient  dissociation. 

An  ion-probing  technique  was  used  to  obtain  the  degree  of  dissociation 
present  in  thermally  produced  beams.  This  technique  uses  the  near-resonant 
asymmetric  charge-transfer  reaction 

h'*'  -4-  0  H  +  o"’’ 

The  results  for  this  reaction,  together  with  the  degree  of  dissociation  in 
the  ()  atom  beam  determined  using  this  reaction,  ate  discussed  in  Section  3.5. 

2.3  EXTRAPOLATION  PROCEDURE 

The  lowest  ion  energies  that  can  be  obtained  in  our  apparatus  are  1  eV 

or  greater.  The  charge-exchange  processes  in  the  energy  range  from  thermal 

to  several  eV  is  of  considerable  interest.  An  extrapolation  procedure  pre- 

v’:.usly  developed  in  our  laboratory  was  used  to  obtain  cross  sections  and 

rate  coefficients  in  this  region.  This  procedure  combines  the  energy  de- 

(8) 

pendence  of  the  Rapp  and  Francis'  resonant  charge-transfer  theory  with 

(9) 

the  Cioumousis  and  Stevenson  complex  formation  model. 
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The  general  formula  developed  for  the  total  charge-exchange  cross  sec¬ 
tion  takes  into  account  the  piobabili'.y  that  charge  exchange  occurs  both 
when  a  complex  is  formed  and  when  1 _  is  not.  The  formula  also  corrects  for 
non rectilinear  orbit  when  complex  formation  does  not  occur. 

The  total  charge-exchange  cross  ;.ectlon,  a,  is  given  by 


o  =  fa. 


for  2a^  ± 


(1) 


or  by 


"2  ■"“i 


for  2a^  > 


(2) 


where  f  is  the  fraction  of  collisions  resulting  in  complex  formation  that 

decays  into  the  change-exchange  channel,  and  o  is  the  Gioumousis  and 

^(9) 

Stevenson  complex  formation  model  cross  section,  represented  by 


1/2 


(3) 


where  e  is  the  electronic  c*'arge,  a  is  the  polarizability  of  the  neutral, 
and  E  is  the  barycentric  interaction  energy.  Also,  o^^,  which  is  given  by 


0=0 
1  o 


1  + 


ik) 


(4) 


representc  the  Rapp  arid  riaucis  resonant  charge-exchange  formula  modified  to 
take  into  account  the  curved  orbits  of  the  reactants.  The  Rapp  and  Francis 
formula'’  has  the  form: 


o^^  =  A  -  B  logE 


(5) 


where  A  and  B  are  constants. 

llie  extrapolatl.rn  is  carried  ou*-  by  fitting  the  modified  Rapp  and 
Francis  formula  (Equation  4)  to  the  high-energy  portion  of  the  measured 
data,  which  is  in  the  region  in  which  complex  formation  should  be  negligible. 
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The  calculated  curve  is  then  extended  to  lower  energies  using  the  test 
given  by  Equations  1  and  2  to  evaluate  where  the  measured  data  deviate 
from  the  form  of  Equation  4.  In  this  manner,  the  contribution  of  complex 
formation  is  determined,  and  the  calculated  curve  can  be  extended  to  ener¬ 
gies  below  those  measured.  A  computer  program  has  been  developed  tc  per¬ 
form  the  calculations. 

The  extrapolation  technique  was  developed  by  assuming  that  the  rela¬ 
tive  abundance  of  the  various  products  emerging  from  the  capture-formed 
complex  is  independent  of  the  relative  knietic  energy  of  the  reactants; 
that  is,  f  remains  constant.  If  this  condition  is  not  met,  the  technique 
does  not  yield  valid  rate  coefficients  at  near-thermal  energies.  In  general, 
the  extrapolation  technique  is  valid  the  calculated  cross-section  curve 
fits  the  experimental  data  to  the  lowest  energy  of  measurement.  This  com¬ 
parison  is  made  for  all  data  given  in  this  report. 
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3.  RESULTS  AND  DISCUSSION 


3.1  REACTION  OF  o"^  WITH  N^  TO  FORM  NO"^ 

The  reaction  of  0^  with  N-  to  form  NO^  as  a  function  of  the  excitation 
+  ^ 

in  the  0  primary  ion  was  studied  in  a  previous  phase  of  the  program.  The 

results  of  this  study  were  published  recently,  and  a  reprint  is  included  in 

this  report  as  Appendix  B.  Briefly,  the  results  of  this  study  showed  that 

+  4  + 

for  ground-state  atomic  oxygen  ions  (0  S) ,  the  reaction  to  form  NO  pro¬ 
ceeds  with  a  large  cross  section  over  the  energy  range  from  1  to  15  eV. 

+  2 

Excited  ions  (0  D) ,  on  the  other  hand,  appear  to  have  a  very  low  proba¬ 
bility  of  forming  NO^. 

Study  of  the  reaction  of  0^  with  N2  to  form  NO^  was  extended  during 
the  last  contract  period.  The  reaction  probability  was  studied  as  a  func¬ 
tion  of  the  vibrational  energy  of  the  N^.  Both  the  thermal  and  rf  dis¬ 
charge  methods  were  employed  to  excite  the  N^.  With  the  thermal  method,  it 
was  possible  to  populate  the  v  =  1  and  v  =  2  levels  of  the  N2  to  a  signifi¬ 
cant  extent.  Table  1  gives  the  calculated  N2  vibrational  distiibution  for 
2700°K  as  being  approximately  71Z  in  v  =  0,  20Z  in  v  =  1 ,  and  6%  in  v  =  2. 

The  vibrational  distribution  in  the  N.  molecules  emerging  from  the  rf 

^  /  1  A\ 

source  is  not  easily  determined.  Methods  discussed  by  Schmeltekopf  et  al . , 
coupled  with  our  ion-probing  techniques,  can  be  used  to  obtain  this  infor¬ 
mation.  In  the  present  work,  however,  obtaining  this  vibrational  distribu¬ 
tion  was  not  attempted.  The  rf  discharge  may  also  produce  N.  molecules  i". 

3  +  +  ^ 

the  metastable  (A  state.  We  used  NO  (ionization  potential,  9.27  eV) 

to  prooe  the  beam  for  the  presence  of  this  species.  Since  the  N  metastable 

3  +  ^ 

(A  I  )  state  has  an  ionization  potential  of  9.41  eV,  charge  exchange  with 

-t" 

the  NO  would  be  expected.  No  indication  of  metastable  N2  could  be  found. 

The  experimental  results  for  the  reaction 

o'*"  +  N2  -*■  no'*'  +  N  (6) 


Preceding  page  blank 
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show  an  increase  in  the  cross  section  at  low  interaction  energies  (below 

+  4 

5  eV)  for  both  the  rf  and  thermally  heated  N2  beam  when  only  0  (  S)  parti¬ 
cles  were  present  in  the  ion  beam.  This  increase  in  cross  section  with 
increasing  vib  rational  temperature  has  also  been  observed  at  low-impact 
energies  by  Neynaber^^^^  and  at  thermal  energies  by  Schmeltekopf  et  al.^^^^ 
One  possible  explanation  for  the  increase  is  that  the  additional  energy 
contained  in  the  neutral  reactant  assists  in  the  formation  of  the  activated 
complex  necessary  for  the  reaction  to  proceed. 

The  experimental  results  for  the  reaction  of  Equation  6  (which  is  exo¬ 
thermic  by  1.1  eV  for  ground-state  particles)  are  given  in  Figure  2  for  the 
rf  excitation  of  the  N2.  Both  rf-on  and  rf-off  cases  are  illustrated.  The 
vibrational  excition  of  the  N2  increases  the  cross  section  below  5  eV  in 
the  center  of  mass  and  decreases  it  above  this  energy.  As  mentioned  above, 
this  increase  in  cross  section  at  low  energies  is  consistent  with  the  ex- 

perimencal  results  of  Neynaber  and  those  of  Schmeltekopf  and  with  the  theo- 

(12) 

retical  calculations  of  O'Malley. 

3.2  CHARGE-TRANSFER  REACTION  OF  n'*'  WITH  N^ 

Preliminary  results  of  a  study  of  the  charge-transf er  reaction 

n'^  +  N2  N  +  N2  (7) 

(13) 

were  discussed  in  a  prior  report.  The  charge-tiacsfer  cross-section 

data  for  ground-state  N^  and  N.,  in  the  v  =  0  level  are  given  in  Table  3. 

For  convenience,  these  data  are  displayed  graphically  in  Figure  3.  From 
the  diagram,  it  can  be  seen  that  the  cross  section  is  small  and  decreases 
with  decreasing  energy  in  the  region  between  4  and  1.5  eV.  This  behavior 
is  expected  since  the  process  is  endothermic  by  approximately  1  eV.  The 
rise  in  the  cross  section  at  about  4  eV  probably  results  from  the  onset  of 
a  second  channel  for  reaction. 

The  present  data  are  in  agreement  with  the  recent  studies  of  Maier  and 
(14) 

Murad,  although  the  cross  section  discussed  herein  tends  to  a  somewhat 
higher  absolute  value.  The  peak  value  (at  8.5  eV  in  the  center  of  mass) 
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Igure  2.  Reaction  cross  sect;lon  for  0  +  N2  NO  +  N  as  a  function  of  the  energy  In  the  center  of 
mass  system.  The  solid  line  elves  the  cross  section  for  ground-state  N2  (rf  off),  and  the 
broken  line  represt^nts  the  case  for  vlbratlonally  excited  N2  (rf  on) 


TABLE  3 

measured  cross  sections  for  reaction  n"^  +  N  N  +  n'^ 

(Center  of  Mass  and  Laboratory  Collision  Energies  Given) 


CM  Energy 

l.GC 

1.33 

1. G7 
.?.CC 

2,  33 

2. 67 
2.87 
3.00 

3.33 

3.67 
‘J.OO 
4.13 

4.33 

4.67 
4.80 

5. CC 
5.35 

5.67 

6. CC 
C.33 
6.57 

7. CC 

7.33 

7.67 

c  nr' 

m  ^  KJ 

0.33 

e.67 

9.33 
IC.CC 
1C.C7 

11.33 
12. OC 
12.67 

13.33 
14. CC 
16.57 

23.66 

26.67 

33.33 
46. CC 

46.67 

53.33 

66.67 
86. OC 


Cross  Section 

9.856626-18 

1.31012C-17 

1. 353C24-17 

1.843387-17 

1.431769-17 

1.984738-17 

2.412279-17 

2.572C15-17 

3.4;0492-17 

3.764C83-17 

5.1342C6-17 

G.2C6344-17 

6. 6'^  9541-17 

3.427653-17 

3.332CC7-17 

3.CC3311-17 

1.312562-16 

1.112175-16 

1.237781-16 

1.4146C3-16 

1.4‘-lli4-i6 

1.577332-16 

1.616695-16 

1.63733C-ie 

1 .  ^5  34 66  —1  ~j 

1.73CSC9-1C 
1 .  /  3  5075-1 C 
1.5SCCC0-1S 
1.654325-16 
X  j45 c  7  —  16 
1.333547-16 
1  .273666-16 
l.lo3Co»>— 16 
1.123656-16 
1.076039-16 
9.591C45-17 
3.377S1C-17 
9  .143131-17 
O.lcJlcG -1 7 
8. ■'10707-17 
3.303411-J.7 
7.672836-17 
7. 7o4173— 17 
7 .307463-17 


Lab  Energy 

1.50 
2.00 

2.50 
3.00 

3.50 
.4.00 
4.30 

4.50 
5.00 

5.50 

6.  CO 
6.20 
S.5D 

7.  CO 
7.20 

7.50 
3.CC 

3. 50 
D.CD 

9.50 
1C. 00 

10.50 
11. CC 
11. 5C 
12.00 

12.50 
13. CC 
1-4.  CC 
1  o  .  C  w 
lb  .  6  0 
17. CO 
13.  CC 
13. CO 
20.00 
21.00 
25.  CC 
3c.oa 
4C.CC 
50.30 
EC. 00 
70.00 
8C.05 

iCC.CC 

IcO.CC 
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Reproduced  from 
bejf  available  copy. 


TABLE  3  (Continued) 


CM  Energy 

Cross  Section 

Lab  Energy 

ICO. CO 

7.142880-17 

150.00 

12c. CC 

7.485633-17 

180.00 

133.33 

7.637313-17 

200.00 

166.67 

7.413368-17 

250.00 

200. CD 

8.245853-17 

300.00 

266.67 

3.3114C0-17 

400.00 

333.33 

9.750635-17 

500.00 

derived  from  our  experiments  "s  1.7  x  10  cm  ,  while  the  value  at  the 

Id  2 

same  interaction  energy  in  Reference  14  is  1.0  x  10  cm  . 

We  attempted  to  introduce  the  metastable  N^(^D)  into  the  primary  ion 
beam  to  observe  the  effect  of  this  species  on  the  cross  section.  Although 
a  number  of  different  gases  containing  N  atoms  were  used  to  produce  the 
beam,  no  evidence  of  the  metastable  could  be  found.  Since  several  tech¬ 
niques  were  unsuccessful  in  producing  this  species  in  the  laboratory,  we 
conclude  th^it  it  is  not  easily  formed.  As  a  consequence,  it  is  doubtful  if 
N^(^D)  is  a  very  common  species  in  the  upper  atmosphere. 

Vibrational  excitation  of  the  neutral  reactant  by  thermal  means 
appeared  to  have  no  effect  on  the  reaction  croas  section.  This  behavior 
is  expected  since  no  levels  are  close  enough  to  cause  resonance  by  vibra¬ 
tional  excitation  to  onlv  the  first  or  second  vibrational  levels. 

Excitation  of  the  N2  by  rf  did,  however,  produce  vibrational  levels 
that  were  high  enough  to  enhance  the  reaction  cross  section  at  low  ener¬ 
gies.  Figure  4  gives  the  cross  section  data  for  reaction  7  over  the 
energy  range  from  1  to  20  eV  in  the  center  of  mass.  Both  the  rf-on  and 
rf-off  cases  are  illustrated.  The  rf-on  data  show  a  larger  cross  section 
over  the  total  energy  range  with  the  increase  being  the  greatest  for  low 
interaction  energies.  This  implies  that  the  vibrationally  excited  N2  reacts 
more  readily  in  tne  charge-exchange  process.  This  is  probably  due  to  the 
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Figure  3.  Charge-transf er  cross  section  for  N  ions  incident  on  nc -tral  nitrogen  molecules  as  a  func 
tlon  of  the  energy  of  the  incident  ion 


Figure  4.  Charge-fJiusfer  cross  sections  for  N  ions  incident  on  neutral  nitrogen  molecules  without 
vibrational  excitation  (rf  off) ,  on  neutral  nitrogen  molecules  with  vibrational  excitation 
(rf  on),  and  on  neutral  argon  atoms  as  a  function  of  energy  in  the  center  of  mass  of  each 
system 


high  vibrational  excitation  in  the  N^.  which  brings  the  reaction  closer  to 
resonance.  The  rf-on  curve  suggests  that,  for  highly  vibrationally  excited 
N2,  a  finite  cross  section  for  the  reaction  may  exist  at  thermal  energies. 

<14) 

In  their  study,  Maler  and  Murad  suggest  that  the  second  channel 
for  reaction,  which  appears  at  about  3.5  eV  in  the  center  of  mass  (Figure  A), 
may  be  due  to  formation  of  the  product  in  the  A  or  B  excited  states.  To 
test  this  supposition,  the  reaction 

n'*'  +  Ar  N  +  Ar’’  (8) 


was  studied.  In  this  case,  Ar  replaces  the  as  the  neutral  reactant. 

Since  the  ionization  potential  of  argon  (15.76  eV)  is  similar  to  that  for 
N.,  (15.58  eV)  ,  a  similar  reaction  threshold  can  be  expected,  although  the 
absolute  magnitude  of  the  cross  section  with  argon  may  be  smaller  since  the 
reaction  is  about  0.2  eV  more  endothermic.  The  cross  section  fur  reac¬ 
tion  8  is  given  in  Figure  4  (note  the  absolute  values  have  been  multiplied 
by  a  factor  of  5  to  make  the  scales  comparable).  The  interesting  result 
of  this  study  is  that  the  onset  of  the  peak  for  reaction  7  is  at  about 
the  same  energy  as  that  for  reaction  8.  If  a  similar  mechanism  is  acting 
in  both  cases,  it  is  doubtful  if  the  peak  in  reaction  7  results  frou. 
formation  of  the  A  or  B  state  of  N^,  since  similar  states  do  not  exist  for 
Ar  .  Consequently,  an  alternative  explanation  for  the  peak  is  that  the 

2 

peak  may  result  from  formation  of  the  neutral  N  product  in  the  excited  D 
state.  For  reaction  7,  this  process  would  be  expected  to  have  a  threshold 


at  about 


'TU  »  _ _ ^  S  CC  ^  _ _ _ 

AIIO  lUVAC  pAV^lIWUlICCU  UXAACrClICe 


between  the  Ar  and  N2  data  at  higher  Interaction  energies  (above  10  eV  in 

Figure  1)  may  be  due  to  the  effects  of  the  ion-molecule  reaction  reported 

(14) 

for  reaction  7  by  Maler  and  Murad. 


3.3  REACTIONS  OF  n"^  WITH  O2 

The  present  program  Included  studies  of  the  effects  of  internal  energy 
in  the  reactants  on  the  following  processes  involving  and  0^: 
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(9) 


n'*’  +  O2  0  +  N  +  O"^ 

n'*'  +  O2  no'*’  +  0  (10) 

n'*’  +  O2  -  N  +  0^  (11) 


The  state  of  excitation  of  the  reactant  0^  molecule  was  altered  by  passing  the 
gas  through  an  rf  discharge.  The  results  with  this  discharge  method  were 
compared  with  those  for  no  discharge.  For  all  three  of  the  above  reactions, 
no  effect  due  to  discharge-induced  excitation  In  the  O2  could  be  seen  on 
the  reaction  cross  sections.  As  discussed  above,  we  attempted  to  produce  a 
beam  of  with  excited  states  present.  Thus  far,  we  have  been  unable  to 
detect  the  presence  of  any  excited  species. 


The  results  for  the  production  of  0  are  Illustrated  In  Figure  5. 
Tabular  data  are  given  In  Table  4.  Note  that.  In  the  center-of-mass  system, 
the  cross  section  for  the  production  of  0^  Is  very  small  below  1.5  eV, 
rises  slowly  to  about  4  eV,  and  then  begins  to  rise  rapidly  to  a  peak  at 
about  10  eV.  If  the  production  of  0^  resulted  from  an  ion-molecule  reac¬ 
tion  in  which  NO  was  the  other  product,  the  overall  process  would  be  exo¬ 
thermic  by  approximately  2.3  eV  for  all  products  in  the  ground  state.  Since 
the  cross  section  appears  to  be  very  small  at  low  energies,  this  does  not 
seem  a  likely  channel  for  the  reaction.  Reaction  9,  a  dissociative  charge- 
transfer  process,  is  endothermic  by  4-2  eV.  Since  our  cross-section  curve 
Increases  sharply  above  this  eneigy,  we  postulate  that,  above  4.2  eV,  reac- 

.-■1-...  n  -I-,  .-u-.  _ 1 _ - _ 1 _ _ _  .-i-- - j..  .  j  —  _r 

uxwii  >  .A-o  wiic  p*.o\..coo  uv/  ciic  i.v.;uuc  c  x'.'il  ui.  \J  • 


Cross-section  curves  for  reactions  10  and  11  are  given  in  Figure  6; 
tabular  data  for  these  reactions  are  given  in  Tables  5  and  6,  respectively. 
For  both  these  reactions,  measured  values  were  obtained  at  lower  interac- 

(3) 

tion  energies  than  previously  reported.  As  with  reaction  9,  these 
cross  sections  are  not  affected  by  the  introduction  of  excited  states  in 

the  0  beams.  The  deposition  of  the  excess  energy  in  these  reactions  is  also 

^  + 
of  interest.  For  reaction  10,  it  is  energetically  possible  to  form  NO  in  an 

excited  state: 
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Figure  5.  Reaction  cross  section  for  N  ions  incident  on  O2  to  form  0  as  a  function  of 
the  center  of  mass  and  of  the  incoming  ion  energy 


MEASURED  CROSS  SECTIONS 

TABLE  4 

FOR  THE  REACTION  n"*"  +  0^ 

o'*"  +  PRODUCTS 

(Center  of  Mass 

and  Laboratory  Energies  are 

Given) 

CM  ENERGY 

CROSS  SECTION  LAB 

ENERGY 

1.39 

3.3P247C-17 

2.00 

2.09 

4.4S2452-17 

OG 

2.78 

5. 173351-17 

4.00 

3.48 

5. 041545-17 

5 . 00 

4.17 

5.952657-17 

6. CO 

4.37 

6.757513-17 

7. CO 

5.57 

3.055573-17 

3  .  C  0 

6.26 

1.C51696-16 

9.00 

6.96 

1.216523-16 

1C. DO 

3.35 

1.137623-16 

12. CC 

9.74 

1.239593-16 

14.00 

1C. 43 

1.222CCD-i6 

15.00 

11.13 

1.22C414-16 

16.00 

12.52 

1.243658-16 

18.90 

13.91 

1.228434-16 

20.00 

15. 3C 

1.114733-16 

22.00 

17.39 

1.116015-16 

25.00 

2C.37 

1.109333-16 

30.00 

27.83 

9.582357-17 

4u  .  C  0 

34.78 

7.447742-17 

50. CC 

TABLE  5 

MEASUKED  CROSS  SECTIONS  FOR  THE  REACTION  n'*’  +  O2  -*■  NO'*’  +  0 
(Center  of  Mass  and  Laboratory  Energies  are  Given) 

CM  ENERGY  CROSS  SECTION  LAB  ENERGY 

.35  3.317911-ie  .50 

.42  3.S4127C-1B  .SO 

.49  3.41C171-16  .70 

.56  3.233833-16  .80 

.70  3.292770-16  1.00 

.83  3.199635-ir  1.20 

.97  3.210252-16  1.40 

1.04  3.194420-16  1.50 

1.18  2.926599-16  1.70 

1.32  2.874176-16  1.90 

1.39  3.038658-16  2.00 

1-46  2.854303-16  2.10 

1.67  2.777826-16  2.40 

1.74  2.873479-16  2.50 

1.95  2. 318024-16  2.80 

2.09  3.062579-16  3.00 

2.43  2.9G22EC-16  3.50 

2.78  3.032180-16  4.00 

3.13  2.958197-16  4.50 

3.48  3.011173-16  5.00 

3.83  2.966466-16  5.50 

4.17  2.945238-16  6. CO 

4.52  2.995644-16  6.50 

4.87  2.7C2C21-1G  7.CC 

5.22  2.757627-16  7. 50 

5.57  2.453636-15  8.00 

5.91  2.529303-16  8.30 

6.26  2. 225541-15  9.CC 

6.61  2. 324476-16  9.50 

6.96  1.922376-16  10. CO 

7.65  1.724517-16  11.00 

5.35  1.575554-16  12.00 

9.04  1.598388-16  13.00 

9.74  1. 396356-16  14.00 

1C. 43  1.275112-16  15.00 

11.13  1.185543-16  16.00 

11.83  1.245316-16  17.00 

12.52  1.001052-16  18. GO 

13.22  1.053535-16  13. CC 

13.91  3.3C3S75-17  20. OC 

15.30  3.635736-17  22. CO 

17.39  7.8375CC-17  25.00 

18.78  7.C362C7-17  27.00 

20.87  6.458064-17  3C.C0 

22.96  6.330645-17  33. GO 

24.35  6.303421-17  35. CO 

27.83  5.323572-17  46.00 
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TABLE  6 

MEASURED  CROSS  SECTIONS  FOR  THE  REACTION  n'*’  +  O2  N  +  0^ 
(Center  of  Mass  and  Laboratory  Energies  are  Given) 


CM  ENERGY  CROSS  SECTION  ».AB  ENERGY 


.42 

1.433484-15 

.60 

.49 

1.426070-15 

.70 

.56 

1.376669-15 

.80 

.63 

1.303575-15 

.90 

.70 

1.321385-15 

1.00 

.83 

1.351571-15 

1.20 

I.IC 

1.414623-15 

1.70 

1.46 

1.384615-15 

2.10 

1.81 

1.370769-15 

2.60 

2.09 

1.473345-15 

3.00 

2.3G 

1.383922-15 

3.30 

2.43 

1.447268-15 

3.50 

2.78 

1.462154-15 

4.00 

3.48 

1.644788-15 

5.00 

4.17 

1.583348-15 

6.00 

5.57 

1. 676443-15 

8.30 

6.96 

1. 734053-15 

10.00 

3.35 

1.791855-15 

12.00 

10.43 

1.926219-15 

15.00 

12.52 

1.911312-15 

18.00 

13.91 

1.929690-15 

20.00 

17.33 

1. 853220-15 

25.00 

2C.S7 

1.363529-15 

30.00 

27.83 

1.795550-15 

40.00 

34.78 

1.783684-15 

50.00 

41.74 

2.015337-15 

60.00 

4  8.7C 

2.005171-15 

70.00 

55.65 

1.954751-15 

30.00 

5  7 1 04 

1 *958242-15 

82 .00 

69.57 

2. 033066-15 

lOD.CO 

93.48 

1.985294-15 

120.00 

104.35 

1.362081-15 

152.00 

125.22 

1.325132-15 

180.00 

133.13 

1.360773-15 

200.00 

153.04 

1.791355-15 

220.00 

173.91 

1. 315747-15 

250.00 

194. 7C 

1.697376-15 

280.00 

2C3.7C 

1.323336-15 

300.00 

243.48 

1.810717-15 

350.00 

278.26 

1.3COCCO-15 

400.00 

313. C4 

1.778072-15 

450.00 

347.83 

1.742425-15 

500.00 
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n'^(\)  +  0  (X^Z  j  -»•  NO'^(a^z'^)  +  0(^P  ) 

O  l  g  V“1  o 

This  process  is  nearly  energy-resonant  and  may  well  be  the  favored  path 
since  it  does  not  require  the  6-eV  exothermicity  of  the  reaction  path  lead¬ 
ing  to  ground-state  products  to  be  transformed  into  kinetic  energy. 

The  charge-transfer  reaction  11,  exhibits  a  large  cross  section 
over  the  entire  energy  range  studied.  Previous  pubiications^^’^^^  show 
that  such  behavior  in  charge-transfer  processes  is  indicative  of  a  near¬ 
resonant  reaction  path.  For  reaction  11,  near-resonance  can  be  obtained 
by  a  mechanism  such  as 

n''‘(^P  )  +  0„(X^i:")  -►  N(^D)  +  ot(X^n  )  +  0.09  eV 

o  2  g  2  g 

Figure  6  also  Includes  the  recent  data  of  Johnson,  Brown,  and 
(16) 

Biondi,  who  have  studied  reactions  10  and  11  using  drift-tube  mass 

spectrometer  techniques.  They  obtained  a  total  rate  constant  for  both  re- 
-10  3 

actions  of  5  x  10  cm  /sec  over  the  entire  range  from  thermal  to  1  eV. 
Comparison  of  the  sum  of  our  two  reaction  cross  sections  with  the  cross  sec¬ 
tion  obtained  from  their  rate  coefficients  in  the  range  of  overlap  shows 
good  agreement . 

3.4  CHARGE  TRANSFER  FTOM  TO  0^ 

In  earlier  studies  of  the  char ge-trans ter  reaction 

N2  +  O2  ->  Nz  +  Oz  (12) 

in  our  laboratory,^  the  effects  of  vibrational  excitation  of  the  Oz  on 
the  reaction  cross  section  was  not  examined. 

(13) 

In  a  previous  report,  we  described  a  reinvestigation  of  this  reac¬ 
tion  in  which  special  attention  was  given  to  the  change  in  cross  section  as 
a  function  of  the  state  of  vibrational  excitation  of  the  primary  ion. 

The  results  of  this  study  are  given  in  Figure  7.  Two  cases  are  represented: 


29 


Figure  7.  Charge-transfer  ci'oss  sections  for  N2  ions  Incident  on  neutral  oxygen  molecules  as  a  func¬ 
tion  of  the  energj  of  the  incident  ion.  The  cross  sections  for  formed  at  two  primary 
ion-source  electron  energies  are  shown.  The  differences  in  the  curve  reflect  the  different 
vibrational  distributions  present  in  the  primary  ion. 


(1)  very  low  electron  energies  (16.9  eV)  in  the  primar/  ion  source,  and 

(2)  higher  electron  energies  (40  eV) .  A  brief  discussion  of  these  results 

is  given  to  assist  in  interpreting  the  newer  result'-  in  which  the  0_  is 

vibrationally  excited.  Comparison  of  the  two  N2  curves  in  Figure  7  reveals 

that  the  results  obtained  for  high  ion  energies  (above  50  eV)  are  similar. 

Below  50  eV,  however,  the  cross  section  for  K,  ions  with  very  little  vibra- 

tlonal  excitation  (those  ions  formed  by  16.9-eV  electrons)  is  less  than 

that  for  ions  with  appreciable  vibrational  energy.  Franck-Condon  calcula- 

+  2 

tlons  indicated  that,  below  the  onset  of  the  N-(A  n  )  state  (''<16.9  eW'i,  all 

2  u 

direct  ionization  of  N2  produces  ions  in  the  zeroth  and  first  vibrational 
levels  of  the  ionic  ground  state. 

The  probable  reason  for  the  difference  in  the  two  curves  shown  in 

Figure  7  is  that,  if  sufficient  energy  is  available  internally  in  the 

+  4  ^ 

ion,  formation  of  the  02(3  11^)  state  is  possible.  This  process,  which  is 

nearly  resonant,  can  be  represented  as 


Nt(x^r‘''  ,,)+o„(x^j:” 

2  g,v=3,4'  2'  g,v=0' 


(13) 


The  Importance  of  the  vibrational  excitation  of  the  N2  in  the  charge 
transfer  is  further  demonstrated  by  examining  the  primary  ion-source  elec¬ 
tron-energy  dependence  of  the  cross  section  for  10-eV  ions  on  O2.  This 
dependence  (Figure  8)  indicates  that  the  cross  section  for  the  process 
changes  rapidly  for  electron  energies  between  16  and  19  eV.  At  these  en¬ 
ergies,  higher  vibrational  levels  of  the  ground  ionic  state  are  probably 
being  filled  by  cascade  from  the  N2(A^n^)  state. 

The  results  of  the  experiments  in  which  vibrational  energy  was  added 
to  the  neutral  O2  also  showed  an  Increase  in  cross  section.  Figure  9  is  a 
plot  of  the  data  for  cold  and  hot  02*  Tabular  data  are  given  in  Tables  7 
and  8,  respectively.  Note  that,  for  both  reactions,  the  vibrational  exci¬ 
tation  of  the  N2  was  kept  low  (v  =  0,1)  by  the  use  of  16.9-eV  electrons  to 
form  the  ion.  The  effect  in  the  present  case,  therefore,  is  that  due  to 
vibrationally  excited  O2  alone.  For  these  experiment,  the  O2  gas  was  heated 


31 


ENERGY 


Dependence  of  the  charge-transfer  cross  section  for  N2  +  O2  N2  +  02  upon  the  ion-source 
electron  energy.  The  N2  had  a  kinetic  energy  of  10  eV. 


Figure  9.  Charge-transfer  cross  sections  for  N2  ions  incident  on  neutral 

oxygen  molecules  as  a  function  of  the  energy  of  the  incident  ion 
The  lower  set  of  data  represents  the  cross  section  for  neutral  0 
with  no  vibrational  excitation,  while  the  upper  curve  gives  the 
cross  section  when  vibrational  excitation  is  present  in  the  O^. 
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TABLE  7  ^ 

MPAS’  ^  CROSS  SECTIONS  FOR  THE  REACTION  N2  +  O2  ^2  +  O2 
rara  4  Oj  IS  «OT  VIBRAIIOHALU  EXCITED 

(Center  o£  of  Maes  and  Laboratory  Energiea  are  Given) 


CM  ENERGY 

CROSS  SECTION 

1.6C 

7.331371-17 

1.87 

9.338161-17 

2.13 

3.S19CC4-17 

2.40 

1.216S37-16 

2.67 

1.143727-16 

3.20 

1.319755-16 

3.73 

1.534539-16 

4.27 

1.573374-16 

4.30 

1.642693-16 

5.33 

1.533314-16 

6  .40 

1.415544-16 

7.47 

1.313301-16 

8.00 

1.126787-16 

8.53 

1.035354-16 

9. 60 

3 .1374EC-iT 

I*'. £7 

7.412403-17 

11.73 

5.957362-17 

13.33 

5.524333-17 

le.cc 

13. £7 
21. 3Z 
2e.G7 
32. CC 

37.33 
4  2.67 
43.00 

53.33 
24. GC 

133.33 
ISf.CC 
136. b7 

213.33 
2c  £  .6"^ 


6.22353C-17 

7.2274GG-i7 

1.3233S5-16 

2.135124-16 

2  .45  3139-16 

2.375433-16 

3.425431-16 

3.6C4567-16 

3.4S3C5S- 16 

3.5233''2-i6 

3.  2CG'4C3-16 

J.C53421-16 

2.3C2CCo-i6 

2.569073-16 


lab  energy 

3.00 

3.50 
4.00 

4.50 
5.00 
6.00 
7. GO 
3.00 
9.00 

10.00 
12.00 
14.00 
15.00 
16.00 
18.00 
20.00 
22.00 
25.00 
30.00 
35.00 
40.00 
50.00 
60.00 
70.00 
BO. 00 
90.00 
100.00 
120.00 
250.00 
300.00 
350.00 
4on.oo 

500. CL' 


Repro(juce(J  from 
best  available  copy. 


34 


TABLE  8 


MEASURED  CROSS  SECTIONS  FOR  THE  REACTION  N2  +  O2 
WHEN  THE  O2  IS  VIBEATIONALLY  EXCITED 

(Center  of  Mass  and  Laboratory  Energies  are  Given) 


N2  +  o| 


I  ENERGY 

CROSS  SECTION 

LAB  ENER6' 

1.C7 

2.761325-16 

2. DC 

1.33 

2.175822-16 

2.50 

l.SD 

2.6C1E26-16 

3.00 

2.13 

2.754557-16 

4. CO 

2.67 

2.9C7248-16 

5. CO 

3.2c 

2.710317-16 

6.00 

3.73 

2.919115-16 

7. GO 

4.27 

2.323629-16 

8. CO 

4.8C 

2.569162-16 

9. CO 

5.33 

2.270422-16 

10.00 

6.4C 

2.497465-16 

12. CC 

3.CC 

2.341373-16 

15.00 

9.6C 

2.66C651-16 

15. CO 

10.67 

1.362456-16 

20. CD 

13.33 

2.322023-16 

25. CO 

16. OC 

2.373C24-1S 

30. CO 

21.33 

2.919115-16 

4c.ca 

26.67 

4.032987-16 

5C.C0 

32. CC 

4.257C42-16 

60. CO 

37.33 

4.651597-16 

70. CO 

42.67 

6.019260-16 

8C  .CO 

48. CC 

7.189671-16 

?J.CC 

53.33 

6. 203187-16 

100.00 

/»  «. 

1 • U3 -0 / J— IB 

X  ^  U  •  U  u 

80. CC 

3.032155-16 

15D.00 

133.33 

6.634351-16 

25D.0C 

14S.33 

6.93C0C9-16 

280.00 

160. OC 

5.321363-16 

300.00 

166.67 

5.757143-16 

35D.0D 

213.33 

4.650663-16 

400.00 

266.67 

4.C9742C-16 

500.00 

Reproduced  Iron 

best  available  copy.  'Wtw 
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to  approximately  1600°K  in  an  Iridium  furnace  (no  dissociation  of  the  0^ 
occurs  at  this  temperature) . 

Examination  of  Figure  9  shows  that  there  Is  an  Increase  In  the  charge- 
transfer  cross  section  for  vibrationally  excited  0^  over  the  total  energy 
range  studied.  The  reason  for  the  change  is  probably  Identical  to  that  for 
adding  vibrational  energy  to  Lhe  ions.  The  heated  0^  gas  has  some  parti¬ 
cles  In  high  enough  vibrational  levels  that  the  reaction  becomes  near- 

-t-  4 

resonant  for  formation  of  the  0^  in  the  excited  (a  state.  This  reaction 
can  be  written  as 


Vibrational  excitation  of  the  0^  may  be  more  effective  than  similar  excita¬ 
tion  in  (compare  Figures  7  and  9)  because  the  O2  excitation  not  only  de¬ 
creases  the  energy  defect  of  the  reaction,  but  also  Improves  the  Franck- 
Condon  overlap  between  the  ground-neutral  and  excited-ion  states. 

3.5  CHARGE  TRANSFER  BETWEEN  h'*’  AND  0 
The  charge-transfer  reaction 

+  0  -»■  H  +  o'*"  (15) 


was  studied  to  evaluate  the  operation  of  our  0  atom  sources  and  for  use  in 
determining  the  degree  of  d1 '^coristion  present  in  the  0  ucdiu  acising  from 
either  rf  or  thermal  dissociation.  Reaction  15  is  particularly  suited 
for  these  tasks  because  it  is  accidentally  resonant,  making  it  easy  to 
study.  Furthermore,  cross  sections  for  this  reaction  at  both  thermal^^^^ 
and  high  energies'  have  been  derived  from  earlier  studies.  These 
earlier  mens..rements  allow  comparison  of  our  results  with  others  to  check 
our  degree  of  dissociation. 

Care  must  be  taken  when  using  reaction  15  for  proving  the  0  atom  beam 
since  the  competing  endothermic  reactions 

+  O2  -  H  +  0  +  o'*'  (16) 
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and 


h'*’  +  0^  OH  +  o'*”  (17) 

can  appreciably  affect  the  measured  cross-section  curve.  The  first  of  these 
competing  reactions  can  only  occur  with  the  absorption  of  5.1  eV  of  kinetic 
energy  from  the  system,  while  the  second  requires  only  0.7  eV. 

Our  investigations  using  the  0  atom  beam  produced  by  thermal  dissocia¬ 
tion  of  O2  show  that  the  cross  section  for  reaction  15  is  larger  than 
that  of  reaction  16,  and  that  any  effects  from  this  reaction  can  easily 
be  subtracted  from  the  overall  curve  measured  for  production  of  0^. 

Figure  10  is  a  plot  of  the  cross  sections  for  reactions  15  and  16. 

Reaction  17  was  found  to  be  insignificant.  All  the  data  shown  in 
Figure  10  were  obtained  using  the  thermal  dissociation  method.  The 
degree  of  dissociation  was  approximately  20%.  Tabular  data  for  reaction 
15  are  given  in  Table  9. 

Using  the  rf  discharge  technique  met  with  less  success.  Both  O2  and 
CO2  were  used  in  attempts  to  produce  0  atoms.  Although  higher  beam  densi¬ 
ties  were  obtained  using  this  technique,  interpretation  of  the  data  proved 
difficult  perhaps  because  of  the  presence  of  metastable  species  in  the  beam. 

Our  success  in  measuring  cross  sections  for  the  reaction  of  Equation  15 
using  0  atoms  produced  by  thermal  dissociation  has  allowed  us  to  attempt 
measurements  of  other  reactions  involving  0  atoms.  The  following  subsection 
gives  a  report  on  one  of  these  processes. 

i.6  REACTION  OF  WITH  0  TO  GIVE  NO'*' 

The  ion-molecule  reaction 

N2  +  0  -*■  no'*'  +  N  (18) 

has  been  studied  in  the  energy  range  from  1  to  A  eV  in  the  laboratory  system. 
Two  difficulties  were  encountered  during  the  measurements.  The  first  was  the 
low  density  of  0  atoms  In  the  beam  coming  from  the  iridium  furp.^e.  The 
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Figure  10.  Square  root  of  th2  cross  section  for  the  reactions  IP"  +  0  -»■  H  +  0  (d)  and 

+  0"^  (o) .  The  latter  cross  section  was  increased  by  a  factor  of  10  before 
was  taken.  The  data  of  Fehsenfeld  et  al.  (0)  and  Stebbincs  et  al.  (A)  for 


TABLE  9 


MEASURED  CROSS  SECTION  FOR  THE  REACTION  h'*’  +  0  H  +  o"^ 
(CeiiCer  of  Mass  and  Laboratory  Energies  are  Given) 


rNTRCY 

CROSS  SECTION 

LAB  ENERGY 

1.38 

l.lSSCCC-15 

2.00 

2.35 

1.14CCCC-15 

2.50 

2.32 

1.17CSC0-15 

3.00 

3.7£ 

1.19CS0C-15 

4.00 

4.71 

1.14CaCD-15 

5.00 

5.65 

l.l?2CCu-15 

6.00 

6.52 

1.17C3CCt-15 

7. CO 

7.53 

1.172CCS-15 

3.00 

8.47 

1.12CCCS-15 

9.00 

9.41 

1.150CCC-15 

10. 00 

11.23 

1.2CCC0C-15 

12.00 

14.12 

l.?122CC-i5 

15.00 

16.34 

1.2C2CCC-13 

18.00 

13.32 

I.ISSCCC-IS 

20.00 

23.53 

1.132CCG-15 

25.00 

28.24 

1.13CSCS-11 

30.00 

37.65 

1.14CCCC-15 

40.00 

47 .26 

1.G60CCC-15 

50.00 

5S.47 

1.C202CC-15 

60.00 

65.83 

i.C3CCrC-15 

73.03 

75.22 

1  .[J3Q2CC-15 

80.00 

S4.12 

i.ai2S5S-x5 

100.00 

11  2  » j  4 

i .U^JCLO-15 

120.00 

141.13 

l.G12CrC-15 

150.30 

189.24 

9 .7iacCG-i6 

200.00 

235.2? 

9.302526-16 

250.00 

282.35 

9 .CuCCCC— 16 

300.00 

376.47 

9.C0CCCC-16 

400.00 

47C.52 

9.CCCCC0-i6 

500.00 

second  difficulty  was  noise  associated  with  having  the  mass  of  the  primary 
ion  beam  (28  amu)  close  to  that  of  secondary  ions  (30  amu).  The  resolution 
of  the  secondary  mass  spectrometer  employed  for  the  study  was  sufficient  to 
completely  separate  the  mass  28  peak  from  the  mass  30  peak;  nevertheless,  a 
certain  amount  of  dc  noise  resulting  from  scattering  of  the  primary  mass  28 
peak  appeared  at  mass  30.  (Note  that  the  magnitude  of  the  product  30  peak 
is  several  orders  of  magnitude  less  than  that  of  the  primary  beam  at  mass  28.) 

Figure  11  gives  the  results  obtained  for  the  reaction  of  Equation  18. 

The  results  are  compared  to  a  1/v  dependence,  where  v  is  the  velocity  of  the 

center  of  mass.  The  fit  to  a  1/v  dependence  is  fair,  indicating  that  the 

(9) 

reaction  may  proceed  by  an  ion-dipole  mechanism. 

The  cross  section  for  the  reaction  of  Equation  18  is  smaller  than  might 
be  expected  for  an  exothermic  ion-molecule  reaction.  This  small  cross  sec¬ 
tion  may  indicate  that  the  products  of  the  reaction  cannot  easily  absorb  the 
excess  energy  in  the  reaction  ('v.l.O  eV) . 

Previous  measurements  of  a  thermal  energy  coefficient  for  the  reaction 
of  Equation  18  were  performed.  Ferguson  et  al.^^^^  obtained  k  =  2.5  x  10 
cm^/sec  at  300°K.  Extension  of  our  measured  data  using  the  1/v  fit  shown  in 
Figure  11  results  in  a  rate  coefficient  of  about  1/6  of  that  reported  by 
Ferguson  et  al.  at  the  same  energy. 

Work  on  reactions  involving  0  atoms  is  continuing. 
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Figure  11.  Reaction  cross  section  for  N2  ions  incident  on  neutral  0  to  form  NO  as  a  func-ion  of  the 
energy  of  the  incident  ion.  The  broken  line  gives  a  1/v  dependence  over  the  energy  range. 
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Formation  of  Magnesium  Ions  by  Charge  Transfer* 

J.  A.  KuTiiKRFoKn,  R.  t-.  Mathis,  B.  R.  Thfnkb,  and  D.  A.  Vroom 
Gulf  Radiation  Tedmolosy,  A  Pixision  of  Gulf  l-.nrrgy  and  Environwtntol  Systems,  Incorporated,  San  Piego,  California  92U2 

(Rcccivctl  15  January  1971) 

The  charKC  transfer  cross  sections  fnr  several  inns  in  collision  with  .atoms  of  maRncsium  to  fnrm  Mr*^ 
have  been  measured  in  the  en.rRV  ranRe  1-500  eV.  The  ions  ()*,  N*^,  Nj*^,  NO*,  Oj*,  11*0*,  tliO*,  NiO*, 
and  Mr*  have  lieen  useil.  The  results  olitained  are  analyzed  hy  considerinR  the  possiliility  of 
resonant  nr  near  resonant  processes  liciiiR  res|ionsil>le  fnr  the  larRe  cross  sections  obtained  fnr  most  processes. 

When  the  (lossihility  of  resonance  tvpe  mechanisms  docs  no)  exist,  the  cross  sections  arc  found  to  lie  con¬ 
siderably  smaller.  The  effect  of  mclastable  slates  present  io  the  primary  ion  lieam  on  the.  charRc 
transfer  cross  section  is  examined.  hxtra(>ntalinn  of  the  mcasureil  cross  scclions  to  thermal  cnerRtes  has 
also  liccn  pcrf<iroic<l. 


I.  INTRODUCTION  may  h.avc  a  maRniltiiU-  anil  cntTKy  ticpcnticna;  similar 

lo  those  foiintl  for  ihf  syinniflrif  tasr.*  In  such  cast-s, 
(‘onsitlcrablc  olTorl  lias  hern  tlrvolfH  lo  the  sttuly  of  it  appears  that  while  other  reaction  channels  are  often 
symnietrif  resonant  charge  t r.ansfer  processes  in  rerrnl  possible,  the  greatest  contrilintion  to  the  total  cross 
years.  These  SI ittlies  were,  for  a  large  part,  prompted  section  comes  from  toe  channel  which  results  in 
liy  the  several  theories  for  resonant  charge  transfer  closest  energy  resonance  between  the  reactant  and 
such  ;is  those  of  Hates,'  of  R.app  ami  h'rancis,*  anil  of  product  states. 

Firsov.*  .More  recently,  it  has  been  shown  that  the  The  reactions  studied  here  represent  a  further  test 
i  ross  .siT  tion  for  asymmetric  resonant  charge  transfer  of  the  above  hyjwthesis  since  several  difTerent  reac- 

Preceding  page  blank  47 


.iiipBiL»giaiiii.jpwppwiwi^!pwHgwiptPiiwwCTW^^ 

t 


3786 


RUTHERFORD,  MATHIS,  TURNER,  AND  VROO.I 


lions  involving  the  same  neutral  species  are  considered. 
Furthermore,  cases  where  no  resonance  and  near  reso¬ 
nance  exist  are  present. 

The  cross  sections  obtained  also  have  a  practical  ap¬ 
plication  with  regard  to  understanding  the  ionosphere 
since  magnesium  is  known  from  rocket  studies*-*  to  be 
among  the  more  prevalent  metallic  ions  in  the  altitude 
region  ranging  from  83  to  112  km.  Two  properties  of 
these  ions  result  in  an  atmospheric  behavior  different 
from  that  of  the  more  common  Ot^  and  NO*^.  Firstly, 
they  arc  atomic  and  hence  are  not  removed  by  dis¬ 
sociative  recombination;  secondly,  they  have  ionization 
potentials  below  those  of  all  the  common  atmospheric 
constituents,  and  there  are,  therefore,  no  neutral 
species  with  a  significant  number  density  with  which 
these  ions  may  undergo  chagre  transfer.  The  metallic 
ions  formed  in  the  ionosphere  are  therefore  expected  to 
be  long  lived. 

n.  EXPERIMENTAL 

Although  the  apparatus  has  been  described  pre¬ 
viously,^”*  it  was  fell  that  the  experiment  reported 
here  differs  sufficiently  from  past  work  to  warrant  a 
complete  description  of  the  machine  and  a  discussion 
of  the  experimental  procedure. 

A.  Primary  and  Secondary  Ion  Systems 

A  schematic  of  the  apparatus  is  shown  in  Fig.  1. 
The  primary  ions  arc  extracted  from  an  electron 
bombardment  source  and  mass  analyzed  at  an  energy 
of  75  cV  in  a  180“  magnetic  mass  ^>ectrometer.  After 
mass  analysis,  the  ions  pass  through  an  aperture  in  an 
iron  plate  that  shields  the  magnetic  field  of  the  mass 
analyzer  from  the  succeeding  regions  of  the  apparatus. 
They  are  then  retarded  or  accelerated  to  the  desired 
collision  energy.  The  ion.s  next  pass  through  a  field- 
free  region  before  intersecting  with  the  neutral  beam. 
Collimating  apcraturcs  en.sure  that,  from  purely 
geometrical  considerations,  al!  primary  ions  pass 


through  the  modulated  neutral  beam  (modulated  at 
100  Hz  by  mechanical  chopping).  Secondary  ions  re¬ 
sulting  from  collisions  between  the  primary  ions  and 
neutrals  are  extracted  along  the  direction  of  the 
primary  ion  beam  by  an  electric  field  of  approxi¬ 
mately  2  V/cm.  The  ioiis  then  enter  an  electric  field 
where  their  energy  is  increased  to  1650  eV.  Penetration 
of  thb  accelerating  field  into  the  interaction  region  is 
reduced  by  use  of  a  double  grid  structure.  After  ac- 
"eleration,  the  imis  pass  through  an  electrostatic 
quadrupole  lens"  which  forms  the  entrance  slit  for  the 
6(f  sector  magnetic  mass  spectrometer.  The  selected 
ions  impinge  on  the  first  dynode  of  a  14-stage  CuBc 
electron  multiplier.  For  magnesium,  the  most  abundant 
isotope  at  mass  24  was  used  when  making  measure¬ 
ments.  The  cross  sections  have  been  corrected  for  the 
isotope  effect  created  by  collecting  only  the  78.6%  of 
the  magnesium  beam  which  has  mass  of  24  amu. 
The  output  from  the  multiplier  passes  successively 
through  a  preamplifier,  a  100-Hz  narrow-band  ampli¬ 
fier,  phase-sensitive  detector  and  is  then  integrated. 
The  output  is  presented  on  a  chart  recorder. 

The  primary  ion  beam  intensity  is  measured  at  the 
interaction  region  with  a  F-r.Miay  cup  vhich  can  be 
moved  into  the  collision  region  when  d'-::iied.  The  pri¬ 
mary  ion  energy  is  determined  from  retarding  po¬ 
tential  measurements.  All  surfaces  at  the  interaction 
region  and  the  Faraday  cup  arc  coated  with  a  collidal 
graphite  in  alcohol,  and  the  interaction  region  is  nor¬ 
mally  maintained  at  a  temperature  of  120°(?  to  mini¬ 
mize  surface  charging. 

Because  interest  in  the  present  work  extends  down 
to  small  collision  energies,  it  was  necessary  to  use  only 
weak  extraction  fields  at  ih”  collision  region.  As  a 
result,  the  secondary  ions  were  not  collected  with 
100%  efficiency.  To  obtain  absolute  cross  sections  for 
production  of  various  secondary  ions,  it  was  ncccs.sary, 
therefore,  to  determine  their  over-all  detection  effi¬ 
ciency.  This  latter  consideration  is  governed  by  a 
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number  of  factors  including  the  multiplier  gain  and 
the  cflkiency  of  triinsmisuion  of  the  secondary  ions 
from  the  interaction  region  to  the  multiplier. 

The  gain  of  the  multiplicr-amplificr-recordcr  system 
is  measured  by  modulating  the  primary  ions  prior  to 
their  entering  the  collision  region.  The  ion  current 
signal  is  first  measured  with  the  movable  Faraday  cup 
and  then,  after  traversing  the  secondary  mass  spec¬ 
trometer  multiplier  amplifier  system,  by  the  recorder. 
Transmission  of  the  primary  ion  through  the  second 
mass  spectrometer  was  observed  to  be  92%.  In  Table 
I  the  system  gain  for  several  species  of  ion  impinging 
upon  the  multiplier  is  shown. 

The  major  experimental  uncertainty  is  associated 
with  the  collection  efficiency  for  the  secondary  ions. 


Tablk  I.  System  Rain  for  several  incident  ions.* 


Ion  mass 

Ion  species 

System  gain 

1 

lU 

1.0X10*'» 

2 

IIj+ 

1.4X10+" 

4 

He+ 

1.4X10+'* 

12 

c*- 

1..SX10+'* 

14 

N+ 

1.8XI0+'> 

16 

0^ 

1.6X10+'* 

18 

H,0+ 

1.7X10+“ 

23 

N.a+ 

7.7X10+'* 

24 

Mk+ 

8.7X10+'* 

28 

N,+ 

1.0X10+'* 

28 

CO+ 

1.1X10+'* 

30 

NO+ 

1.0X10+'* 

32 

0,+ 

1.0X10+“ 

39 

K+ 

5.7X10+'* 

40 

Ar+ 

6.0X10+'* 

40 

Ca+ 

4.7X10+'* 

44 

CO,+ 

6.7X10+“ 

“  For  an  ion  energy  of  2.t65  V  impinRini?  on  tlie  multiplier. 


The  uncertainty  arises  because  collection  fields  .suffi¬ 
ciently  large  to  ensure  total  collection  of  the  secondary 
ions  cannot  be  employed  due  to  the  influence  these 
fields  would  c.xcrt  on  the  motion  of  low-energy  primary 
ions.  While  mearairemenls  of  the  variation  of  collection 
efficiency  with  the  strength  of  the  extraction  field  may 
readily  be  made  at  high  primary  ion  energies,  these 
results  arc  not  necessarily  relevant  to  the  low-energy 
regime,  where  the  dynamics  of  the  Mg+  production 
may  be  dilTercnt.  Interpretation  of  the  present  data 
obt.ained  using  weak  collection  fields  is  therefore  based 
on  the  assumption  that  at  energies  .above  a  few  electron 
volts,  the  Mg^'  ions  arc  produced  by  simple  electron 
transfer  in  collisions  involving  little  momentum 
tran.sfer  and  that  as  a  result,  the  collection  efficiency  iu 
independent  of  both  the  nature  and  energy  of  the 
primary  ions.  It  is  implicit  in  this  a.ssumption  that  the 
energ}'  defect  in  the  reaction  is  small,  since  energy  not 
expended  in  excitation  of  the  products  must  appear  as 


Tablk  it.  Coltectfon  effldency  o(  icoondary  loni  produced  by 
charge  exchange  at  interaction  region. 


Reuctants 

Cross  section* 
(10-«  cm») 

Secondary  ion 
collection 
efTiciendes*’  (%) 

N,+:N, 

29.0 

80 

0,+:0, 

15.5 

68 

N+:0, 

16.5 

74 

•  The  prlmury  lon«  were  produced  by  bombardment  with  40.eV  electron*. 
Tlie  Ion  eneriy  uwd  for  tlie*e  mraaurementi  wa*  400  eV. 

^  Aiwuming  croa*  arctlon*  Hated  (taken  aa  moat  repreaentativr  n(  thoae 
rciiorted  In  the  literature). 

kinetic  energy  and  therefore  would  influence  the  collec¬ 
tion  efficiency. 

A  number  of  charge  transfer  reactions  for  which 
absolute  cross  sections  had  been  previously  determined 
were  tabulated.  Using  the  same  experimental  conditions 
and  the  detection  efficiencies  deduced  from  meaeurc- 
ments  of  the  primary  beam,  as  well  as  the  same  signal 
strengths  and  detector  sensitivity,  the  collection 
efficiency  of  our  instrument  is  obtained  by  comparing 
our  measured  cross  sections  with  the  best  tabulated 
values.  The  efficiencies  so  obtained,  and  illustrated  in 
Table  II,  varied  by  20%;  this  may  represent  a  real 
variation  in  the  collection  efficiency  or  simply  reflect 
the  discrepancies  in  the  published  cross-section  values. 
In  the  present  work,  a  collection  efficiency  of  75%  is 
used  in  the  evaluation  of  the  cross  sections  from 
measurements  of  the  neutral  beam  density,  the  pri¬ 
mary  ion  beam  intensity,  the  dimensions  of  the  neutral 
beam  at  the  interaction  zone,  the  system  gain,  and 
the  recorded  signal. 

An  over-all  analysis  of  all  possible  systematic  errors 
has  been  performed.  From  this  study,  a  possible  error 
of  ±30%  is  placed  on  the  absolute  charge  transfer 
cross  sections  for  the  higher  reaction  energies.  This 
error  may  increase  to  as  much  as  a  factor  2  at  the  lowest 
impact  energies. 


Fio.  2.  Neutral  beam  KnudKii  cell  furnace. 
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Kio.  3.  Charnt  transfer  cross  sections 
for  Mg*,  N.  *,  and  N  *  ions  impinging  on 
neutral  Mg  as  a  function  of  the  energy  of 
the  incident  ion. 


ION  ENERGY  (eV) 


B.  Nentral  Beam  Formatioa  and  Measorement 

The  neutral  atom  beams  originate  in  a  heated  mo¬ 
lecular  effusion  source  (a  Knudsen  cell).  A  sketch  of 
this  cy.'indrically  shaped  furnace  is  shown  in  Fig.  2. 
Tantalum  was  used  for  the  construction  of  the  Knudsen 
cell.  The  cavity  is  surrounded  by  A-in.  walls  and  is 
heated  with  a  tantalum  wire  filament  which  passes 
through  five  evenly  spaced  holes.  The  heater  wires 
are  insulated  by  hollow  alumina  tubing.  A  lid  of 
tantalum  is  held  tightly  in  place  by  screws.  The  tem¬ 
perature  is  measured  with  a  chromel  alumel  thermo¬ 
couple  mounted  inside  the  furnace  wall.  The  chromel 
alumel  thermocouple  was  shown  through  repeated 
tests  to  be  reproducible  even  after  having  been  re¬ 
moved  and  replaced. 

The  cosine  law  of  molecular  eff'ision"  was  applied 
to  determine  the  hcain  density  knowing  the  equilibnum 
vapor  pressure  of  the  magnesium  in  the  Knudsen  cell 
at  a  particular  temperature.  The  number  density,  n, 
in  the  beam  at  the  interaction  region  is  then  computed 
under  cITusivc  How  condition  to  be 

«  =  Af(io/4»T*,  (I) 

where  A’o  is  the  number  densily  .ii  the  furnace,  a  is  the 
an  a  of  the  aperture  in  the  furnace,  and  r  is  the  distance 
frori  the  aperaturc  to  the  interaction  region. 

TTic  vapor  prcs.surc  of  magnesium  is  greater  thari  1 
toi'r  before  its  melting  point  is  reached.  As  a  conse¬ 
quence,  sufficient  pressure  co'ild  be  obtained  in  the 
Knudsen  cell  without  melting  the  solid.  Magnesium 
reacts  slowly  with  air,  iMowing  the  problem  of  oxida¬ 
tion  to  be  kept  to  a  miiiimuni. 

('alculation  of  the  beam  density  with  Eq.  (I)  has 
been  used  for  the  preliminary  analysis  of  the  data. 
One  difficulty  associated  with  this  method  is  tht.'  the 
temperature  must  be  quite  accurately  know.n  as  the 
pressure  is  a  sensitive  function  of  the  temperature.  A 
small  temperature  gradient  between  the  location  of  the 


thermocouple  a;  d  the  inside  of  the  chamber  could 
result  in  a  large  error  in  the  calculated  beam  density 
and  thus  the  cross  section.  In  addition  to  this,  any 
temperature  gradient  in  the  volume  of  the  furnace 
containing  the  metal  vapor  would  result  in  a  corre¬ 
sponding  uncertainty  in  the  furnace  pressure  and  thus 
in  the  neutral  beam  density. 

To  ensure  that  our  temperature  measurements  were 
accurate  and  that  our  oven  bchavctl  correctly,  a 
complimentary  technique  was  employed.  This  method 
utilized  neutron  activation  analysis  to  determine  the 
number  of  atoms  deposited  into  the  collector  by  the 
neutral  beam  in  a  known  time  |)criod.  In  the  initial 
attempts  to  collect  the  atom  beam,  a  small  |>oly- 
ethylene  cylinder,  was  used.  It  was  found  that  the 
magnesium  atoms  did  not  stick  ip  this  collector  but 
scattered  away.  To  overcome  this  problem,  a  collector 
consisting  of  a  polyethylene  bag  attached  to  the  end 
of  the  polyethylene  cylinder  was  usetl.  This  a.ssen)bly 
was  located  so  that  all  the  beam  passing  through 
the  collision  region  entered  the  collector,  (lommcrcially 
available  “Baggies”  were  chosen  as  the  type  of  |K)ly- 
ethylenc  bags  since  they  were  found  to  Ik:  ^th  free  of 
contamination  and  thin  walled.  After  the  ileposition  of 
approximately  100  /ig  of  magnesium,  the  bag  was  re¬ 
moved  and  sent  to  Gulf  Radiation  Technology  Neutron 
Activatiem  Analjtsis  Facility  for  measurement.  This 
method  gave  results  in  close  agreement  with  the  density 
calculated  from  the  molecular  effusion  considerations. 
It  is  interesting  that  even  though  magnesium  is  a 
condensible  beam,  several  reflections  were  rcquirerl 
liefore  total  sticking  to  a  room- temperature  surface 
could  be  achieved. 

in.  RESULTS 

The  cross  sections  for  charge  transfer  between 
neutral  magnesium  and  the  nine  inns  investigated  were 
determined  over  the  energy  range  I  500  cV.  These 
cross  sections  are  presented  here  in  graphical  form 
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Fig.  4.  Charge  transfer  crass  sections  for 
NiO^,  HiO*,  and  NO'*'  ions  impinging 
on  neutral  Mg  as  a  function  of  tlic  energy 
of  the  incident  ion. 


T.sblk  hi.  Recombination  energies  and  relevant  energies  of  reactants  and  products  dted  in  the  text.* 


Excited  neutral  states  and  Ground  ionic  state  and  Ion  state  and  energy  above 
energj-  above  ground  state  ionization  potential  ionic  ground  state 

Species  and  ground  state  (eV)  (eV)  (eV) 


Mgfdr*.  >5.) 
N,(Ar>V).^ 

N(2p«,'5v.‘) 

Or(A  «2:.  ),^ 


fB*n,)^,7.3S3 
IB  «n,)^,  7.987 

<2p\'lhn*),2  382 


(3i,«5m),  7.644 

fA»S/),^,  15.580 

(2^,«B,).  14.352 
(A»n)ws.  12.063 


f3^*Bm),  4.419 
(A*r,+)-a.0.270 


(s*n.)^,  4.038 


*  -\lomic  lr\Tl.4  obtained  from  C.  Moore.  Natl.  Bur.  Std  (I*.  S.|Circ.  4d7,  The  Rand  C'oriKiration.  Ke'earrti  Memorandam.  R.M.  S20I-ARPA.  March 
Vol  1(1949).  Mnlfcutar  lo'H't  obtained  from  K.  R.  Gilmore.  ’’Radt  Hnernr  1967. 

I..rvrl  and  Kquiltbrium  IHita  for  .XtmoiHdirrir  .\lom<  and  Molecule*.** 


Kig.  5.  Chai^  transfer  cross  sections 
for  HiO*  ions  impingin*  on  neutral  Mg 
as  a  function  of  the  energy  of  the  incident 
ion. 
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Fic.  6.  Dependence  of  Ihe  chnixc 
transfer  cross  section  upon  the  source 
electron  energy  for  the  reaction  Oi*+ 
Mg-^+Mg*. 
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since  this  type  of  rep''esentation  aids  the  discusson  of 
the  data.  In  general,  the  reactions  have  been  grouped 
such  that  processes  which  exhibit  similar  structure 
and  which  have  comparable  cross  sections  appear  in 
the  same  figiire. 

Figure  3  gives  the  cross  section  for  charge  transfer 
for  Ns'*'  and  ions  incident  on  neutral  magnesium. 
The  symmetric  resonant  reaction  Mg*^-Mg  is  also  shown 
for  comparison. 

The  cross  sections  for  three  other  ions  (N<0+,  HjO*, 
and  NO*)  incident  on  Mg  are  shown  in  Fig.  4.  Like 
the  previous  three  reactions,  these  processes  have  a 
large  crass  section.  The  smallest  cross  section  observed 
was  that  ,  for  O*  on  magnesium.  The  results  for  HjO* 
are  given  in  Fig.  5. 

Figure  6  illustrates  the  variation  in  crass  section  for 
charge  transfer  between  Oi*  and  magnesium  as  the 
number  of  excited  states  present  in  the  primary  ion 
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beprn  is  varied.  Data  of  this  type  are  obtained  by  chang¬ 
ing  the  energy  of  the  electrons  in  the  primary  ion 
source  and  measuring  the  charge  transfer  cross  section 
at  a  fixed  ion-impact  energy  (in  this  case  10-eV  ions) . 
When  the  electron  energy  is  such  that  no  electronically 
excited  ion  states  can  be  formed  in  the  Oi*  beam  (less 
than  16  eV),  the  cross  section  for  charge  transfer  is 
seen  to  be  considerably  lower  than  when  excited  states 
are  present  (electron  energies  greater  than  16  eV). 
Simitar  studies  involving  both  O*  and  NO*,  which 
have  metastable  ionic  states,  showed  little  dependence 
of  the  cross  section  on  primary  ion  source  electron 
energy.  From  this  we  can  conclude  that  the  cross  sec¬ 
tions  for  charge  exchange  must  be  similar  for  both 
the  ground  and  metastable  ionic  states. 

The  cross  sections  for  charge  exchange  between  the 
ground  state  of  Oi*  and  the  metastable  Oi*  state  with 
Mg  arc  shown  in  Fig.  7.  The  curve  for  the  ground 
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Fic.  7.  Charge-transfer  cross  sections 
involving  excitation  for  Oi*  ions  with 
Mg  as  a  function  of  the  incident  ion 
energy.  The  cross  section  is  shown  for 
ground-state  Oi*  ions,  for  Oi*  ions  in 
the  mixture  of  states  (composite)  which 
results  when  IfheV  electrons  impinged 
on  Oi  to  form  the  Oi'^  .and  for  the  excited 
states  in  the  composite  alone,  i.e.,  after 
the  contribution  of  the  ground-state  ions 
in  the  composite  has  bnn  removed. 
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state  is  obtained  using  ions  formed  with  16-eV  electrons. 
The  curve  for  the  composite  beam  of  ground  and 
metastable  ions  is  obtained  using  40-eV  electrons  in 
the  ion  source.  In  order  to  determine  the  cross  section 
for  the  excited  state,  the  ratio  of  the  ground  to  meta¬ 
stable  state  concentration  in  the  beam  must  be  known. 
This  ratio  is  determined  in  a  separate  experiment  using 
a  technique  previously  developed  in  this  laboratory,'* 
which  showed  that  for  40-eV  electrons  impacting  on 
Oj,  32%  of  the  ions  formed  are  in  metastable  states. 

IV.  DISCDSSIon 

In  attempting  to  interpret  the  results  obtained  for 
the  charge  transfer  reactions,  the  major  difficulty  arises 
in  accounting  for  the  excess  energy  released.  In  the 
discussion  of  the  results  given  below  an  attempt  has 
been  made  to  correlate  the  magnitude  of  the  charge 
transfer  cross  section  with  the  formation  of  e.xcited 
states  of  the  products  of  the  collision.  The  resultant 
processes  should  be  considered  as  only  possible  mecha¬ 
nisms.  Recombination  energies  and  energy  levels 
quoted  in  the  discussion  below  are  given  in  Table  III. 

In  the  symmetric  charge  transfer  process  between 
iVIg  and  Mg+,  exact  resonance  must  e.xist  and  as  a 
consequence  a  large  cross  section  would  be  expected. 
In  Fig.  3,  the  results  for  this  process  show  that  the 
cross  section  is  indeed  large.  The  slope  of  the  curve  is 
similar  to  that  predised  by  Rapp  and  Francis*  but  the 
magnitude  of  the  cross  section  is  twice  the  predicted 
results.  Previous  resonant  charge  transfer  measure¬ 
ments  for  Li^-FLi  “  and  Cs+-|-Cs  have  also  been 
found  to  give  cross  sections  larger  than  predicted  by 
the  theory. 

The  magnitudes  of  the  cross  sections  for  the  reaction 
of  Ni'*'  and  N''"  on  Mg  arc  both  similar  to  that  for  the 
symmetric  case.  Such  a  result  is  indicative  of  a  near 
resonance  mechanism  for  the  reaction  which  would 
probably  leave  the  Ni  or  N  in  an  excited  state.  Two 
pofiible  nearly  resonant  routes  for  electron  capture 
to  form  excited  Ni  states  arc 

NV(  A'  'V) r.i  +  Mg{3j*,  *2.)^ 

+  Mg^(3i,  *J,rt)  -F  A£{0.042  eV) 
and 

*2/),^-|-Mgf3j», 

-|-Mg'^(3i,*5,n)-A£{0.051  eV). 

The  possible  mechanisms  available  for  the  reaction 
of  with  Mg  are  less  complex  since  fewer  possible 
states  of  the  product  N  atom  exist  in  '.he  energy  regime 
of  interest.  One  passible  mechanism  which  is  nearly 
resonant  is 

S*CP,)+Mg(3s*,  >J.)-*N(*£^») 

-f  Mg+{.1^,  */>./,•)  -|-A£{0.(»7  cV) . 
This  reaction  results  in  both  products  being  left  in 


excited  states.  It  is  interesting  to  note  that  if  the  N 
neutral  formed  is  in  the  e.xcited  (*Dj/j®)  state  the  energy 
released  in  the  neutralization  process  is  12.15  eV.  This 
energy  is  very  similar  to  the  ionization  potential  Oj 
and  the  reaction  of  Oj'''  on  Mg  might  therefore  be 
expected  to  be  similar  to  that  given  above.  This  reac¬ 
tion  will  be  discussed  below. 

The  cross  sections  for  charge  exchange  of  NiO*, 
Hid*",  and  NO+  in  collisions  with  magnesium  can  be 
seen  in  Fig.  4  to  be  smoothly  increasing  with  decreasing 
ion  c.iergy.  Comparison  of  these  results  with  those  for 
Ni'*’  and  N"*"  in  Fig.  3  shows  that  the  cross  sections  are 
of  the  same  order  of  magnitude,  indicating  that  pro¬ 
cesses  having  a  small  energy  defect  may  again  pre¬ 
dominate.  For  the  cases  of  NjO"*"  and  H/)''’,  possible 
reactions  are  difficult  to  determine  because  of  the  lack 
of  spectroscopic  information  available  on  the  location 
of  the  excited  states  of  these  species. 

The  reaction  of  XO*  with  magnesium  .nay  be  of 
importance  in  the  upper  atmosphere  because  of  the  large 
concentration  of  NO''.  .As  for  the  reactions  discussed 
above,  charge  exchange  between  Mg  and  NO''  is  exo¬ 
thermic,  in  this  case  by  1.61  eV.  Electronic  levels  that 
will  allow  near  resonance  do  not  exist  in  either  the 
product  ion  or  neutral,  and  vibrational  excitation  of  the 
neutral  NO  ground  state  may  therefore  be  expected. 
Since  the  intemucicar  distance  in  NO''  is  less  than  in 
NO,  the  Franck-Condon  transition  zone  for  processes 
leading  to  production  of  NO  from  NO*  overlaps  many 
vibrational  levels  of  the  neutral  product.  .Such  a  con¬ 
figuration  favors  the  formation  of  products  with  con¬ 
siderable  vibration  excitation. 

The  recombination  energy  for  H»0'  is  about  7  eV,* 
and  as  a  consequence  this  process  would  b^  endo¬ 
thermic  for  ground-state  ions.  Figure  5  shows  that  the 
measured  cross  section  is  both  appreciable  and  exhibits 
the  shape  e.xpected  for  a  near  resonant  process.  This 
observation  can  be  justified  by  either  the  presence  of 
excited  ions  in  the  primary  beam  or  a  slightly  higher 
recombination  energy  for  the  Hify. 

The  case  of  O'  on  Me  differs  from  that  fnr  the  other 
atomic  ion,  N'',  in  that  no  energy  level  combination 
in  the  secondary  neutral  or  ion  will  allow  near  resonance. 
Thi.x  fact  probably  accounts  for  the  low  measured  cross 
section.  (Data  with  poor  signal-to-noise  ratio  suggest 
a  cross-section  value  of  less  than  20X  lO"**  cm*.) 

The  results  for  Oj''  on  Mg,  seen  in  Fig.  7,  again 
indicate  that  near  resonant  processes  may  be  important. 
The  cross  sections  for  both  the  ground  and  excited 
states  show  a  rapid  increase  with  decreasing  ion 
energy.  If  the  Oj'  ground-state  species  recombines  to 
give  Oi  in  the  ground  state,  the  recombination  energy 
is  nearly  equal  to  that  for  recombination  of  N'  ground 
state  to  form  N(*ftyi*).  This  suggests  that  the  mecha¬ 
nisms  for  the  ground  state  recombination  could  be 

Oi+CX  *n,)  -|-Mg{3i*,  iX  *2,-) 

-f  Mg'(.V.  *Pm*)  -f  A£(0.0  eV) . 
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Taxle  IV.  CxlgiUted  cnits  Mctions  and  rate  oor.'Vients. 


300*K  600*K  1200*K 


Reaction 

Cram 

section 

XI0» 

cm* 

Rale 

coefficient 

xto* 

caf/tec 

Cram 

sedioo 

xtow 

Cm* 

Rate 

coefficient 

XIOW 

cm*/sec 

Crom 

lection 

xtow 

cm* 

Rate 

coefficient 

XlO** 

cm*/sec 

Mg*-FMg 

63.2 

Sl.O 

S6.0 

63.9 

SO.  2 

81.0 

N*-FMg 

t4.3 

t2.2 

14.4 

17.3 

14. 1 

24.0 

()i*f  composite) -l-Mg 

27.4 

20.t 

2t.5 

22.4 

t7.7 

26.0 

Oi*fJf‘Z,-)-FMg 

t6.8 

t2.3 

13.2 

t3.8 

11.1 

16.3 

N.*+Mg* 

10.7 

7.24 

It. 3 

10.8 

12. 1 

t6.3 

NO*-FMg 

tO.8 

8.tt 

12.7 

t3.4 

13.6 

20.4 

Nd)*-FMg 

13.4 

2t.7 

31.8 

31.1 

31.3 

43.2 

*  The  reUabUity  <A  tlw  Ni*  *  Mi  e^traiMktatkm  ia  not  as  hiih  m  for  ihe  oihrr  rraettons  stbowa. 


For  the  excited  oxj'gcn  molecular  ion  (a^n.), 
sufficient  excess  energy  exists  to  cause  dissociation  of 
the  resultant  oxygen  molecule.  Since  many  dissociative 
curves  exist  through  which  such  a  process  might  pro¬ 
ceed,  this  may  be  a  probable  mechanism,  and  could 
help  to  explain  why  the  excited  state  has  a  much  larger 
cross  section  for  charge  transfer  than  the  ground  state. 

The  charge  transfer  processes  described  above  may 
be  broken  into  two  groups,  those  involving  molecular 
tens  and  those  involving  atomic  ions.  Consideration  of 
the  results  shows  that  all  the  molecular  species  give 
cross  sections  for  reaction  whose  energy  dependence 
exhibits  the  behavior  that  might  be  expected  for 
resonant  or  near  resonant  processes.  Processes  with  a 
small  energy  defect  can  easily  be  realized  with  molecular 
species  because  of  the  multitude  of  vibration  rotation 
levels  which  lie  above  every  electronic  state.  From  this 
point  of  view,  molcviilcs  can  be  considered  as  possessing 
a  near  continuum  of  states  available  for  reaction. 

For  the  two  atomic  species  studied,  one  case  of 
near  resonant  behavior  and  one  case  of  nonresonant 
^'ehavio''  was  obsvrx’ed.  N'^  charge  exchange  with  Mg 
has  a  large  « ross  section  and  the  mechanism  proposed 
for  this  reaction  shows  that  near  resonance  can  be 
obtained  by  assuming  both  the  N  and  Mg*  arc  formed 
in  excited  states.  For  atomic  oxygen  no  such  combina¬ 
tion  of  states  exists  and  the  cross  section  for  the 
process  is  small. 

It  is  interesting  to  note  that  low  excited  ionic  states 
exist  for  magnesium.  The  presence  of  such  a  low-lying 
state  allows  the  N"  charge  exchange  to  occur.  Work 
similar  to  that  descril>cd  for  magnesium  has  been 
done  in  our  laboratory  using  sodium  as  the  neutral 
target.  In  this  case,  the  sodium  ground-state  ion,  since 
it  is  devoid  of  loosely  bound  electrons,  has  no  low-lying 
levels.  As  a  consequence,  near  resonance  cannot  be 
obtained  for  cither  N*  or  O*.  Our  c.xperimcnts  have 
shown  that  the  cross  sections  for  N*  and  O*  on  Na 


are  small.  These  results  will  be  the  subject  of  a  future 
publication. 

A.  Extrapolation 

Using  our  e.xpcrimental  technique,  interaction  ener¬ 
gies  of  less  than  1  eV  arc  difhcult  to  obtain.  Neverthe¬ 
less,  considerable  interest  in  reactions  of  this  nature 
lies  in  the  energy  range  from  thermal  to  I  or  2  eV.  In 
order  to  obtain  cross-section  values  in  this  region,  an 
extrapolation  method  dcvcioped  in  this  laboratory  has 
been  used.'*  This  extrapolation  method  combines  the 
energy  dependence  of  the  Rapp  Francis’  resoT>ant 
charge  transfer  theory  with  the  energy  depcnr.encc 
of  the  Gioiiniousis-Stevenson“  complex  formation 
model. 

The  general  formula  dcvcioped  for  the  total  charge 
e.xchange  cross  section  takes  into  account  the  prol>a- 
bilities  for  charge  exchange  to  occur  both  when  a 
complex  is  formed  and  when  it  is  not,  and  also  corrects 
for  ncnrectilinear  orbit  when  complex  formation  docs 
not  occur.  The  method  can  be  formulated  as  follows. 
The  total  charge  exchange  cross  section  a  will  be  given 
by 

»=/»!  when  2vi<aj  (2) 

or  by 

9={/—\)ai+ai  when  2ai>a».  (3) 

Here  /  is  the  fraction  of  collisions  resulting  in  complex 
formation  which  decays  into  the  charge  exchange 
channel,  vt  is  the  Gioumousis  Stevenson  complex 
formation  model  cross  section  and  is  represented  by 

v,=x(2Ar//')''*,  (4) 

in  which  e  is  the  electronic  charge,  nr  is  the  polariza¬ 
bility  of  the  neutral,  and  K  is  the  baryccntric  inter¬ 
action  energy.  Also,  vi,  given  by 

»i  =  »4!*  +  (<rj/4v»)’],  (5) 
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represents  the  Rapp-Frands  resonant  charge  exchange 
formula  modified  to  take  account  of  the  curved  orbits 
of  the  reactants.  The  form  of  the  Rapp-Frands 
formula  is 

a,‘'»=/l-Blog£:,  (6) 

where  A  and  B  are  constants. 

The  e.vtrapolation  is  carried  out  by  fitting  the 
modified  Rapp-Francis  formula  [Ekj.  (5)3  to  the 
high-energy  portion  of  the  measured  data,  that  is, 
in  the  region  where  complex  formation  should  be 
negligible.  The  calculated  curve  is  then  extended  to 
lower  energies  using  the  test  given  with  E'qs.  (2) 
and  (3)  to  evaluate  when  the  measured  data  deviate 
from  the  form  of  Eiq.  (5).  In  this  manner  the  con¬ 
tribution  of  complex  formation  is  determined  and  the 
calculated  curve  can  be  extended  to  energies  below 
those  measured.  A  computer  program  has  been  de¬ 
veloped  to  perform  the  calculations. 

The  extrapolation  technique  was  developed  by 
assuming  that  the  relative  abundance  of  the  various 
products  emerging  from  the  capture-formed  complex 
is  independent  of  the  relative  kinetic  energy  of  the 
reactants;  that  is,  /  remains  constant.  If  this  condition 
is  not  met,  the  technique  will  not  give  valid  rate 
coefficients  at  near  thermal  energies.  In  general, 
whether  or  not  the  extrapolation  technique  is  valid  can 
be  '.oen  by  observing  if  the  calculated  cross-section 
curve  fits  the  experimental  data  to  the  lowest  energy 
of  measurement.  In  the  present  studies,  the  extrap¬ 
olation  is  found  to  be  valid  for  all  systems  measured 
except  HjC)'"  and  Hj(I+  on  magnesium. 

Table  IV  gives  the  results  obtained  for  the  ex¬ 
trapolation  of  the  N+,  Ni+,  NO*',  and  NiO+  to  thermal 
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energies.  Cross  sections  and  rate  constants  are  given 
for  three  temperatures. 
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Laboratory  meaiurements  iodicate  that  the  metaatable  ions  of  O'^  in  reaction  with  N>  in  L.e  low-energy 
range  ( 14  eV)  react  to  form  principally  N>'^,  while  the  ion-molecule  reaction  to  form  NO*'  has  a  very  small 
probability.  The  ground-state  O'*  ion  reacts  mamly  to  form  NO*.  The  abundance  of  metastable  O*  *D  bns 
was  determined  using  the  observation  that  0*(*/))-|-Nt  has  a  small  cross  section  for  forming  NO*.  The  ion 
energy  dependence  for  both  reactions  has  been  measured  arithin  the  energy  range  1.0-500  eV. 


The  ion-molecule  reaction  most  widely  dealt  with 
by  aeronomists  has  been  that  involving  in  colli¬ 
sion  with  Nj  to  form  NO^.  The  effect  of  excited 
states  of  on  the  rate  of  this  reaction  has  been 
open  to  question.  Dalgamo'  has  pointed  out  that  in 
the  F  region  O^(’Z))  ions  are  lost  principally  by  col¬ 
lisions  with  neutral  Or  and  Nj.  An  indication  that 
the  excited  states  may  not  be  of  importance  in  the 
formation  of  NO*"  was  reported  by  Stebbings  el  d} 
who  noted  there  was  little  change  in  the  cross  sec¬ 
tion  for  0*-f-Ni— ‘NO^-f-N  when  excited  states  of  O* 
ions  were  introduced  into  the  beam.  The  results  re¬ 
ported  here  will  show  that  the  cross  section  for  the 
reaction  involving  the  excited  atomic  ion 
Nf— ‘NO^-f-N]  is  in  fact  very  small.  Furthermore,  we 
will  indicate  that  the  principal  channel  for  these 
reactants  results  in  production  of  Nj*"  which  is  prob¬ 
ably  formed  in  the  (A  *11.,  t=  1)  state. 

The  apparatus  employed  for  the  cross-section  mea¬ 
surements  has  been  described  previously.*-*  In  this 
instrument,  the  primary  ions  are  formed  in  an  elec¬ 
tron  bombardment  ion  source,  the  electron  energy  of 
which  can  be  carefully  controlled.  These  ions  are  ex¬ 
tracted  from  the  source,  mass  analyzed,  and  acceler¬ 
ated  or  retarded  to  the  deared  energy.  This  ion  beam 
then  crosses  a  modulated  neutral  beam  (modulated 
at  100  Hz),  in  this  case  Ni.  The  products  of  collisions 
between  the  ion  and  neutral  beams  are  extracted  along 
the  direction  of  the  primary  ion  beam,  accelerated, 
focussed,  and  mass  analyzed  in  a  second  ma<>s  spec¬ 
trometer.  The  selected  ions  are  then  detected  using 
an  electron  multiplier  coupled  with  lock-in  amplifier 
techniques. 

The  neutral  beam  is  formed  by  effusion  from  a 
room- temperature  orifice  and  modulated  by  mechan¬ 
ical  chopping.  The  neutral  beam  density  is  determined 
by  measuring  the  pressure  in  the  neutral  source  with 
a  differential  pressure  manometer  and  calculating  the 
effusion  from  this  source  under  known  geometrical 
conditions. 

The  ratio  of  the  metastablc  electronic  states  to  the 
ground  state  can  be  varied  by  careful  control  of  the 
energy  of  the  ionizing  electrons  in  the  primary  ion 
source.  When  the  electron  energy  i.,  below  the  thresh¬ 
old  for  e.\cited-state  formation,  no  excited  states  can 
he  formed  and  the  resultant  beam  will  be  composed 


entirely  of  ground-state  ions.  As  the  ionizing  electron 
energy  is  increased  metastable  ions  will  appear  in 
the  beam. 

Two  reactions  have  been  studied  in  detail  here. 


These  are 

0+-fN,-+NO+-f-N 

(1) 

and 

0+-fNr-*0-f-N,+. 

(2) 

The  effects  of  metastable  O**  ions  in  the  primary  ion 
beam  can  be  seen  for  Reaction  (1)  from  Fig.  1.  Here 
the  relative  probability  for  forming  NO'*'  in  collisions 


Fig.  t.  Crwhicsl  representation  of  the  decrease  in  the  relative 
cross  section  for  formation  of  NO*  ions  from  O*  impinging  on 
Ni  as  a  function  of  the  ion  source  electron  energy.  The  ion- 
neutral  interaction  energy  is  14  eV.  The  open  circles  represent 
the  case  for  pure  O,  in  the  source  while  the  open  triangles  rep- 
resent  the  case  lor  an  Oi/He  mixture. 

between  O*  and  Nj  is  plotted  as  a  function  of  the 
electron  energy  used  to  form  the  ()*■  ion.  Two  cases 
are  shown:  one  where  pure  oxygen  is  used  in  the  ion 
source  and  the  other  where  the  source  contained  1% 
(b  in  pure  helium.  The  latter  case  has  been  included 
since  it  gives  an  enhancement  in  the  number  of  meta- 
stable  O*  ions  in  the  beam  and  therefore  better  illus¬ 
trates  our  conclusions.  This  enhancement  arises  because 
helium  ions  formed  in  the  source  will  undergo  a  dis¬ 
sociative  charge-transfer  process  with  ()j  to  yield  the 
metastablc  0*(*D).  Note  that  the  NO*  data  in  Fig.  1 
have  been  normalized  to  a  value  of  10  at  21  eV.  This 
is  below  the  threshold  of  22  eV  required  for  produc¬ 
tion  of  0*(*/))  from  molecular  oxygen  if  the  forma 
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lion  of  0+(*D)  from  pair  production  is  neglected. 
This  latter  process  is  known  to  have  a  small  cross 
section.  Examination  of  the  curves  shows  that  for 
the  formation  of  NO^,  the  relative  cross  section 
normalized  on  the  total  current  starts  to  decrease 


Table  I.  Cross  section  for  O^+Nr-^NO^+N. 


I.aboratory 

energy 

(eV) 

Center-of-mass 
kinetic  energy 
(eV) 

Cross  secdon 
(units  of 

10-“  cm*; 

1.2 

0.76 

1.3 

1.4 

0.89 

1.2 

1.5 

0.95 

1.3 

1.7 

1.08 

1.6 

2.0 

1.27 

1.5 

2.2 

1.40 

1.7 

2.5 

1.59 

1.8 

2.7 

1.72 

2.0 

3.0 

1.91 

2.1 

3.2 

2.04 

2.2 

3.5 

2.23 

2.6 

4.0 

2.55 

2.8 

4.5 

2.86 

2.9 

5.0 

3.18 

3.0 

6  0 

3.82 

3.4 

7.0 

4.45 

3.6 

8.0 

5.09 

4.0 

0.0 

5.73 

3.8 

10.0 

6.. 16 

4.3 

II.O 

7.00 

4.6 

12.0 

7.64 

4.2 

13.0 

8.27 

4.4 

14  0 

8.91 

4  3 

1.5  11 

9.55 

4.0 

16.0 

10.18 

3.8 

17  0 

10  82 

3.5 

18  0 

11.45 

.1.2 

10.0 

12  09 

2.1 

2(1  0 

12.73 

2.2 

21.0 

1.1.36 

t.8 

22  0 

14.00 

1.5 

2.1.0 

14.64 

1.3 

24.0 

15.27 

1.0 

25  0 

15  91 

0.80 

26  0 

16  55 

0.65 

27  0 

17.18 

0.53 

28.0 

17.82 

0.44 

30  0 

19  09 

0.34 

.12.0 

20  .16 

0.22 

34  0 

21  64 

0.15 

.15.0 

22  27 

0.15 

in  the  case  of  pure  owgen  above  the  threshold  for 

indicating 

that  the  presence  of  this  excited 

.slale  dcpicles  the 

numher  of  ground  stale  particles 

available  for  reaclion.  This  same  result  is  seen  for 

the  hcli\im  o\yi;i-n  mixture  cxiepi  th.tt  the  effect  is 
nol  M(ti  iinlil  sliithlly  higher  in  energy  dut  to  the 


SOURCE  ELECTROf*  ENERGY  (fV) 

Fic.  2.  Observed  cross  section  for  the  charge-transfer  reaction 
O^-f-Ni— »0-(-Ni^  as  a  function  for  the  ion  source  electron  energy. 
The  ion-neutral  interaction  energy  is  14  eV.  The  open  triangles 
represent  the  case  for  pure  Oi  in  the  source  while  the  open  circles 
represent  the  case  for  an  Oi/He  mixture. 

e.xcited  slate  nol  being  formed  in  significant  concen¬ 
tration  until  above  the  ionization  threshold  for  helium. 

The  electron  energy  dependence  for  the  reaction 
O^+Ns— is  given  in  Fig.  2.  The  cross  sec¬ 
tion  shown  in  this  figure  (the  observed  cross  section) 
is  obtained  using  the  total  O'*’  current.  An  effect  op¬ 
posite  to  that  seen  in  Fig.  1  is  observed  here.  In  the 
curve  for  pure  Oj  it  is  noted  that  the  observed  cross 
section  for  forming  is  very  small  for  electron 
energies  below  the  0*(-D)  threshold  and  then  in¬ 
creases  as  the  number  of  excited  stales  is  incrcasetl. 
The  effect  is  the  same  for  the  oxygen -helium  mi.v- 
turcs  below  the  threshold  for  ionization  of  helium 
but  is  more  pronounced  above  ihis  point  as  more 
excited  states  are  then  present.  It  must  be  nolerl 
that  all  the  data  shown  in  the  figures  arc  for  a  fixed 
ion-neutral  interaction  energy  of  14  cV  and  illustrate 
the  change  which  this  cross  section  undergoes  as  ihe 
number  of  excitetl  states  in  the  beam  is  varied.  .■\n 


ION  ENERC.V  Itv) 


Fir.  .1  Charge  transfer  i mss  serlmn  (nr  (r(’/)i4  N.-  \ 

as  a  funclion  of  ihe  ion  energv  in  ihi  lalmrah  ry  -i.  n. 
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interaction  energy  of  14  eV  was  chosen  because  the 
ion-molecule  cross-section  curve  peaks  at  this  value. 

E.xamination  of  the  figures  allows  the  following  con¬ 
clusions  to  be  drawn: 

0+(<5)+Nr-»NO+-|-N,  (3) 

0+(«5)+Ni«-*0-l-N,+  (4) 

0+(*Z))-|-Nr-O+N,+.  (5) 

That  is,  Fig.  1  shows  that  NO*  is  formed  below  the 
threshold  for  excited  O*  ions  ([Reaction  (3)].  Simi¬ 
larly,  Fig.  2  shows  that  below  the  0*(*Z))  threshold 
very  little  Nj+  is  fomied  ([Reaction  (4)[),  but  above 
the  onset  of  the  excited  state,  Ni*  is  readily  formed 
([Reaction  (S)].  Using  the  above  information  coupled 
with  previously  obtained  results,  we  will  show  that 

0*(»Z))-|-Nitt-»N0*-fN.  (6) 

Assume  that  the  cross  section  for  this  process  is  small 
compared  to  that  for  Reaction  (3).  Now  since  the 
observed  cross  section  a  for  any  process  can  be  writ- 
•  n  as 

<r=  (7) 

A 

where  <r,  is  the  cross  section  for  reactant  ions  in  state  n 
present  in  fractional  abundance  /.,  we  can  write  our 
total  cros-s  section  for  formation  of  NW'  as 

<T=<T(*.<;, /(*.<!, (8) 

Now  since  we  have  assumed  that  the 

presence  of  this  sjiecies  in  the  total  O*  beam  can  be 

shown  to  lower  the  observed  cross  section  by  a  per¬ 
centage  equal  to  its  fractional  abundance.  Examina¬ 
tion  of  I-'ig.  1  therefore  indicates  for  electrons  of  40  cV, 
that  the  e.vcitcd-statc  concentration  is  20%  of  the 
total  beam  for  pure  (b  and  37.5%  for  the  oxygen/ 
helium  mixture.  .\s  discussetl  above,  Fig.  2  shows  that 
the  charge  tran.sfer  process  between  O*  ions  and  Nj 
goes  primarily  with  the  excited  state  ([Reactions  (4) 
and  i5)].  Using  the  fractional  abundances  determined 
abox’e.  it  is  therefore  possible  to  correct  the  observed 
cross  sections  for  Reactions  i5)  obtained  using  the 
total  O*  beam  intensity.  For  Reaction  (5)  [0^(*f?)-|- 
N-  *0-1- Ne]  We  ge'.  for  l4eV  ions  colliding  with 
the  neutral  partn 'e.  a  cross  section  of  29.5X10“'*  cm* 


for  the  pure  Oj  case  and  a  cross  section  of  30.6X 
10“**  cm*  for  the  Oj/helium  mixture. 

Using  a  totally  different  technique  developed  pre¬ 
viously  in  this  laboratory,*  we  have  determined  the 
fractional  abundance  of  0*(*D)  from  the  attenuation 
of  an  O*  beam  in  another  gas  to  be  24%.  This  value 
was  obtained  using  40-eV  electron  energy  in  pure  O-. 
Using  this  value  for  the  fractional  abundance,  we 
have  obtained  a  cross  section  for  Reaction  (5)  at 
14  eV  of  26.8X1(U“  cm*.  The  difference  between  this 
value  and  those  determined  above  is  within  experi¬ 
mental  error  and  therefore  indicates  that  our  assump¬ 
tion  of  a  small  cross  section  for  Reaction  (6)  is  valid. 

Using  the  above-determined  fractional  abundances, 
it  is  posable  to  obtain  cross-section  curves  for  the 
separate  ion  states  for  each  reaction  that  is  found 
to  proceed  with  large  probability.  The  charge  ex¬ 
change  cross  section  leading  to  production  of  Nt*  is 
given  in  Fig.  3.  The  values  given  by  this  figure  are 
slightly  lower  at  low  energies  than  those  reported 
previously.*  Cross  sections  for  the  ion -molecule  re¬ 
action  producing  NO*  are  given  in  Table  1. 

Examination  of  Fig.  3  shows  that  the  cross  section 
for  the  reaction  of  0*(*Z))  with  Nt  remains  large 
down  to  the  lowest  interaction  energy  studied.  The 
energy  a'  lilable  in  charge  transfer  with  0*(*/?)  is 
16.1  eV.  'inis  energy  is  almost  exactly  that  required 
for  formation  of  the  N»*  in  the  (A  *0,,  v~  1)  state. 
This  reaction  is  therefore  a  source  of  excited  Nj*  ions 
in  the  F  region  where  the  O*  concentration  is  high. 
Decay  of  the  N»*(/l  *11,)  state  produces  Meincl  ra¬ 
diation.  A  discussion  of  how  this  reaction  may  lead 
to  an  enhancement  of  the  Meinel  radiation  observed 
from  airglow  has  been  given  by  Wallace  and  Broad- 
foot.* 

*  Work  supported  by  the  Defense  Nuclear  Axenev  uml'-r 
Contract  D ASAOI -69  C-0O44. 

'  .A.  Dalftamo  and  M.  B.  McElroy,  Planetary  Space  Sci.  II,  727 
(t953). 

*  R.  K.  SlebbinRs,  B.  R.  Turner,  and  J.  Rulherforil.  J. 
G^h)-s.  Res.  71,  771  fI966). 

-J.  A.  Kuiherinrii,  R.  K.  Mathis,  tl.  K.  turner,  and  1).  .\. 
Vroom.  J.  Chem.  Ph>-s.  55,  378.S  (1971). 

*  B.  R.  Turner,  J.  .A.  Rutherford,  and  I).  M.  J.  Compton.  J. 
Chem.  rh)-s.48,  1602  (1968). 

*  I..  Wallace  and  .A.  I..  Broarlfoot.  Manetary  Space  Sci.  17,  975 
(1969). 
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Cross  sections  have  been  measured  in  the  energy  range  1-SOO  eV  for  the  charge  transfer  of  several  ions 
with  neutral  sodium.  The  ions  studied  are  O*.  N*,  Nt*,  NO*,  0»*,  HiO*,  HiO*,  NsO*,  and  Na*.  The  mag¬ 
nitude  of  these  cross  sections  can  be  related  to  the  availability  of  reaction  paths  which  have  a  small  intern^ 
energv  defect.  The  smaller  the  energy  defect  the  larger  the  cross  section.  Where  possible  the  measured 
cros.'  sei  tions  have  been  extrapolated  to  thermal  energy.  Comparison  is  made  with  other  experiments. 


I.  INTRODUCTION 

Sodium  ioi.-  have  been  shown  in  rocket  studies  to  be 
one  of  the  more  prevalent  metallic  species  in  the  upper 
atmosphere.'  Since  this  ion  is  monatomic,  recombination 
is  slow.  In  addition  its  ionization  potential  (5.138  eV) 
is  significantly  below  that  of  the  more  common  at¬ 
mospheric  species,  and  it  cannot  therefore  be  readily 
destroyed  by  charge  transfer.  As  a  consequence, 
metallic  ions  of  this  type  may  be  expected  to  be  long 
lived  in  the  upper  atmosphere.  Information  on  charge 
transfer  reactions  leading  to  formation  of  sodium  ions 
from  the  neutral  species  may  therefore  be  important 
to  an  understai.ding  of  atmospheric  deionization. 

The  results  presented  in  this  paper  represent  the 
second  part  of  an  experimental  program  in  which 
asymmetric  charge  transfer  processes  leading  to  produc¬ 
tion  of  metallic  ions  arc  being  studied.  In  cases  where  the 
ionization  potential  of  the  metal  is  lower  than  or  equal 
to  that  required  to  form  the  primary  ion,  charge 
transfer  to  the  ground  state  will  be  either  exothermic  or 
resonant  In  the  first  publication  in  this  series’  it  was 
shown  that  even  though  several  exothermic  channels  for 
reaction  may  be  open  at  all  interaction  energies,  the 
greatest  contribution  to  the  total  cross  section  comes 
from  the  channel  which  results  in  closest  energx' 
resonance  between  reactant  and  product  states. 
Similarly,  if  no  channel  allows  near-energy  resonance, 
then  the  charge  transfer  cross  section  is  found  to  be 
small.  The  results  to  be  presented  here  lead  to  the  same 
conclusions. 

n.  EXPERIMENTAL 

\  detailed  description  of  the  crossed  beam  apparatus 
employed  for  the  charge  transfer  measurements  between 
ions  and  metal  vapors  has  been  given  prexficusly.’ 

The  neutral  beam  is  generated  in  a  resistively  heated 
Knudsen  cell.  The  major  difficulty  encountered  in  these 
experiments  is  the  determination  of  the  neutral  beam 
density.  Two  methods  were  employed.  First,  the  density 
was  calculated  from  the  system  geometry,  the  size  of  the 
port  of  egress  in  the  Knudsen  cell,  the  temperature  of 
the  cell,  and  the  vapor  pressure  of  sodium.’  This 
technique  has  been  employed  in  our  previous  experi¬ 
ment  and  demands  .accurate  values  f  tr  the  vapor 
Fressiires  as  a  function  of  temperature.  The  second 
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method  involved  running  the  neutral  beam  for  a  known 
time  and  collecting  all  the  sodium  which  passes  through 
the  collision  region  in  a  liquid  nitrogen  cooled  vessel 
(liquid  nitrogen  coo'ing  was  required  to  ensure  com¬ 
plete  collection).  The  amount  deposited  was  then 
determined  using  activation  analysis.’  For  sodium  the 
beam  densi'  ies  calculated  from  the  two  methods  did  not 
agree,  the  neutron  activation  analysis  gave  the  higher 
density.  This  difference  ^a  factor  of  2)  was  attributed  to 
inaccuracy  in  determination  of  the  sodium  vapor 
pressure  due  to  oxide  layer  contamination  in  either  our 
cell  or  that  used  to  determine  the  published  vapor 
pressure.  The  beam  densities  used  here  are  therefore 
those  determined  by  activation  analysis. 

The  possible  error  which  may  exist  in  our  absolute 
cross  sections  is  greater  than  in  the  previously  reported 
Mg  results  and  arises  due  to  uncertainty  in  the  neutral 
beam  density.  For  these  experiments  we  estimate  that 
our  values  may  be  in  error  by  as  much  as  40%  at  high 
energy,  increasing  to  60%  at  the  lowest  energies.  It 
should  be  noted  that  this  is  an  error  in  the  absolute 
magnitude.  The  reproducibility  in  the  measured  energy 
dependence  was  better  than  15%. 

m.  RESULTS 

Charge  transfer  cross  sections  for  reactions  between 
nine  ions  and  neutral  sodium  have  been  measured  in  the 
energy  range  1-500  cV.  The  cross  sections  are  presented 
in  graphical  form  since  this  representation  aids  the 
interpretation  and  discussion  of  the  data.  Processes 
which  exhibit  similar  structure  and  which  have  similar 
cross  sections  have  been  grouped,  where  possible,  in  the 
same  figure. 

The  resonant  charge  transfer  cross  section  for  sodium 
ions  on  sodium  is  given  in  Fig. !  together  with  the  data 
for  H»0*,  and  NjO*.  All  of  the  processes  have 

cross  sections,  which  are  similar  in  magnitude  and  which 
show  an  increase  in  cross  section  with  decreasing  energy 
down  to  the  lowest  measured  energies.  The  results  for 
the  symmetric  resonant  process,  Na*-f-Na,  could  not  be 
determined  below  about  .30  eV  primary  ion  energy  as 
separation  of  the  fast  primary  from  the  s'ow  secondary 
ions  could  not  be  achieved  at  lower  ener'^ies. 

Figure  2  gives  the  charge  transfer  cross  sections  for 
Nj*  and  NO*  ions  impinging  on  neutral  sodium.  Here 
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Fic.  1.  Charge  trantler  cron  aectiona  for  Na'*^,  HiO'*',  HrO*', 
and  NiO*'  ions  impinging  on  neutral  Na  ai  a  function  of  the 
energy  of  the  incidrat  ion. 


again  the  cross  sections  increase  with  decreasing  ion 
energy.  The  magnitude  of  the  cross  sections  for  these 
two  ions  on  neutral  sodium  are,  however,  considerably 
smaller  than  those  for  the  three  polyatomic  species 
shown  in  Fig.  1.  Possible  reasons  for  this  difference  will 
be  given  in  the  following  section. 

As  in  the  case  of  the  magnesium  results  reported 
earlier,*  the  possible  effects  of  metastable  species  in  the 
primary  ion  beam  were  investigated.  Figure  3  shows  the 
variation  in  the  charge  transfer  cross  section  for  50  eV 
Ot*  impinging  on  Na  as  the  electron  energy  in  the  ion 
source  was  varied.  For  electron  ener^es  of  less  than 
16  eV,  no  excited  electronic  states  can  exist  in  the  beam 
and  the  cross  sections  measured  are  for  the  *n,) 
ground  state.  Increasing  the  energy  above  16  eV 
introduces  some  excited  states  and  the  cross  section 
for  Na+  production  can  be  seen  to  increase.  Above 
about  30  eV  the  ratio  of  ground  to  metastable  ion  states 
remains  nearly  constant,  and  the  cross  section  therefore 
becomes  a  constant  with  respect  to  the  electron  energy. 


ION  CNCNCT  UVI 

Fig.  2.  Charge  Irantfer  croaa  leciions  for  NV  and  NO'^ 
ions  impingiiig  on  neutral  Ns  aa  a  function  of  the  energy  of  the 
inddeni  ion. 
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ELECTRON  EHERCT  UVI 

Fig.  3.  Dependence  of  the  charge  transfer  cross  section  uiion 
the  80U"-e  tlecltoa  energy  for  the  reaction  (h^+Na— »Oi+Na*. 
The  Oi'*'  had  a  kinetic  energy  of  100  eV. 

By  keeping  the  electron  energy  below  16  eV,  the 
cross  section  for  the  ground  state  Oj^  alone  can  be 
determined.  Using  the  data  obtained  from  variation  of 
the  primary  ion  source  energy  it  is  possible  to  obtain 
cross  sections  for  charge  transfer  from  the  metastable 
states  provided  the  ratio  of  ground  to  metastable  states 
is  known.  This  information  is  obtained  in  a  supple¬ 
mentary  e.q>eriment.  The  technique  employed  here  was 
developed  previously  in  this  laboratory.*  The  per¬ 
centage  of  metastable  states  in  a  beam  of  Oj*'  formed 
with  40  eV  electrons  (the  energy  used  to  determine  the 
composite  curve  given  in  Fig.  4)  was  found  to  be  32%. 
Using  this  percentage,  the  composite  curve,  and  the 
information  given  in  Fig.  3,  the  metastable  state  charge 
transfer  cross  sections  could  be  obtained.  The  results  ate 
given  together  with  the  ground  state  curve  in  Fig.  4. 

The  NO*"  is  also  known  to  have  a  metastable  state. 
In  these  experiments,  NjO  was  used  to  produce  the  NO* 


Fig.  4.  Charge  tranifer  cross  sections  for  different  stales  of 
excitation  of  the  Oi*  ions  with  .\'a  as  a  function  of  the  incident 
ion  energy.  The  cross  section  is  shown  for  ground  stale  Oj*  ions, 
for  Oi*  ions  in  the  mixture  of  slates  (composite)  which  results 
when  40  eV  electrons  impinged  on  Oi  lo  form  the  O,^,  and  for 
the  excited  states  alone. 
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Tabu  I.  Recombination  energies  and  relevant  energies  of  reactants  and  products  dted  in  the  text.* 


Excited  neutral  states  Ground  ionic  state  Ion  state  and  energy 


Spedttand 
ground  state 

and  energy  above 
ground  state  (eV) 

and  ionization 
potential  (eV) 

above  ionic  ground 
state  (eV) 

Na  {is, '5m) 

5.138 

N,  {X  >2/) 

{w  ‘A.), 

8.89 

iX'Z.*), 

15.58 

NO  (;ir*n) 

(o‘n). 

~4.7 

iX'X*), 

9.21 

0,  {X 

6.12 

ixm,), 

12.06 

(o*n.),  4.04 

*  Atomic  energy  levels  obtained  from  C. 

E.  Moore.  Natt 

Bur.  Std. 

Au>mt  and 

Molecules.** 

'The  Rand  Co;p..  Research  Memorandum 

(U.S.)  Cirr.  No.  467  (1949).  Vol.  I.  Molcculftr  levels  obuined  from  F.  RM-5201-ARPA.  Mftrch  1967. 
R.  Gilmore.  ’’Basic  Energy  Levd  and  EcjuilitMium  Data  for  Atmospheric 


primar>'  beam.  Previous  e.xperimcnts  in  this  laboratory 
have  shown  that  NCP"  ions  produced  from  NiO  contain 
a  very  low  percentage  of  metastable  ions. 

Attempts  were  also  made  to  measure  the  charge 
transfer  between  the  atomic  ions  (>*■  and  N"*"  and  atomic 
sodium.  The  cross  sections  were  found  in  both  cases  to 
be  verv'  small.  A  possible  explanation  for  the  absence  of 
reaction  will  be  given  in  the  following  section. 

IV.  DISCUSSION 

All  the  charge  transfer  processes  reported  here  are 
exothermic  or  energy  resonant  for  transfer  of  an 
electron  from  the  ground  state  of  neutral  sodium 
into  the  lowest  available  state  of  the  neutralized  ion. 
In  interpreting  the  charge  transfer  results  obtained, 
an  attempt  has  been  made  to  account  for  the  excess 
energy  available.  In  thb  regard  a  correlation  between 
the  size  of  the  cross  section,  its  energ)’  dependence, 
and  the  final  states  of  the  products,  has  been  made. 
Recombination  energies  and  atomic  and  molecular 
energy  levels  used  in  the  discussion  are  given  in  Table  I. 

The  four  largest  cross  sections  measured  for  charge 
e.-.  hange  with  neutral  sodium  are  given  in  Fig.  1. 
Of  these  the  largest  process,  over  the  energy  range 
considered,  is  the  resonant  charge  transfer  process  Na 
and  Na+.  The  energy  dependence  of  the  other  three 
cross  sections  is  essentially  that  which  would  be  pre¬ 
dicted  for  mechanisms  with  small  energ)'  defects.’ 
With  species  such  as  H»0^,  HjO+,  and  NjO^,  it  is  not 
possible  to  say  in  what  final  slates  the  polyatomic 
species  will  be  produced  due  to  a  lack  of  information 
on  these  states.  The  possibility  of  the  e.vcess  energy 
residing  as  internal  energy  in  the  sodium  ion  produced 
can  be  discounted  as  the  lowest  excited  state  of  Na* 
lies  approximately  23  eV  above  the  ground  state. 

The  charge  transfer  cross  section  for  on  sodium, 
shown  in  Fig.  2,  is  much  smaller  than  that  for  Na  with 
the  polyatomic  ions.  The  excess  energy  available  in 
the  reaction.  10.44  eV,  is  sufficient  to  dissociate  the 
\i  into  two  ground  state  nitrogen  atoms.  Another 
possible  mechanism  involves  formation  oi  the  Nj 
molecule  in  a  highly  excited  st.^'e  such  as  the  u>'A,. 


Either  reaction  path  leads  to  a  near-resonant  mecha¬ 
nism.  Since  the  dissociation  energy  of  Nj,  9.76  eV,  is 
very  nearly  equal  to  that  available  from  the  reaction, 
10.44  eV,  dissociation  of  the  molecule  would  not  be 
expected  to  be  probable  without  a  large  shift  in  the 
bond  length  of  the  neutral  prior  to  forming  the  dis¬ 
sociative  state,  i.e.,  the  repulsive  curves  leading  to  the 
dissociation  limit  at  9.76  eV  will  pass  through  the 
Franck-Condon  region  at  an  energy  greater  than 
10.44  eV.  As  a  consequence,  dissociation  can  only 
occur  through  violation  of  the  Fr  ;nck-Condon  prin¬ 
ciple.  This  violation  of  the  hranck-Condon  principle 
tends  to  favor  the  second  mechanism  outlin^  above 
for  the  Ni+-1-Na  reaction.  This  process  can  be  repre¬ 
sented  as 

N, +(  X  ’V)  *^+Na(3x;  'A.) 

-f-Na+(2/)»,  '5o)+A£(0.02  eV). 

The  charge  transfer  cross  section  between  NO^ 
and  Na  is  also  small,  see  Fig.  2.  The  excess  energy,  in 
this  case,  4.13  eV,  is  not  sufficient  to  dissociate  the 
molecule  and  in  fact  lies  about  0.6  eV,  below  the  first 
molecular  excited  state.  The  only  possible  t  jaction 
mechanisms  which  lead  to  near  resonance  here  arc 
ormation  of  the  ground  mo'  -cular  state  in  a  high 
vibrational  level  or  formation  of  the  a  *11  excited  state. 
The  latter  process  is  endothermi  by  approximately 

O. 6  eV  and  also  involves  a  large  shift  in  internuclear 
distance  between  the  ionic  .state  and  ihe  final  state. 
The  formation  of  the  highly  excited  vibrational  ground 
state  does  not  involve  as  large  a  change  in  internuclear 
distance  and  is  therefore  the  more  probable  reaction 
mechanism. 

In  Fig.  4,  the  charge  transfer  cross  sections  for  the 
ground  and  excited  o.xygei.  ions  -ire  shown,  .^gain  the 
shape  of  both  curves  is  consistent  with  a  mechanism 
having  a  small  energy  defect.  The  excess  energy 
available  from  reaction  of  sodium  with  both  the  ground 
O:'*'  state,  6.92  eV,  and  the  excited  state  10.96  eV,  is 
sufficient  to  dissociate  the  resultant  oxygen  moleriilts 
(Do=5.12  eV).  For  the  ground  state  Oj*  ion,  the 


67 


Tabu  n.  Calculated  croti  tectioni  and  late  coefficienu. 


Reaction 

300'K 

600°K 

1200°K 

Cross  section 
X10“cin* 

Rate  coefficient 
X10“cinVsec 

Cross  section 
X10“cin‘ 

Rate  coefficient 
X10“cmVsec 

Cress  section 
X10“cm* 

Rate  coeffidenl 
X10“cmVsec 

N,+-|-Na 

24.5 

18.9 

13.9 

15.2 

8.33 

12.8 

0,+(X’n,)-l-Na 

18.5 

13.8 

13.1 

13.9 

9.78 

14.7 

0,+(«*n.)-l-Na 

26.2 

19.6 

23.6 

24.9 

21.2 

31.8 

H,0+-kNa 

31.9 

27.4 

32.1 

39.1 

31.4 

54.1 

NK)+-FNa 

28.7 

20.2 

27.1 

26.9 

25.2 

35.6 

dissociation  products  resulting  from  charge  transfer 
must  both  be  in  the  ground  state.  This  process  can  be 
represented  as 

0,+(X  *n,)  +Na(3r,  *St„)-*20(*P)  +Na(2^,'5.) 

+1.80  eV. 

The  two  oxygen  atoms  would  be  expected  to  carry 
away  equal  amounts  of  the  excess  energy. 

For  the  metastable  Oi'*'  more  energy  is  available 
and  as  a  consequence  the  products  of  a  dissociative 
process  may  be  in  excited  states.  Oxygen  atoms  in  the 
excited  ‘D  and  ‘5  states  as  well  as  the  ground  *P  state 
are  possible  products.  This  density  of  reaction  channels 
is  greater  than  for  the  ground  state  process  and  may 
explain  the  greater  cross  section  for  this  species. 

The  ch.arge  exchange  cross  sections  for  O^+Na  and 
N^+Na  art  as  stated  above,  very  small,  and  no  data 
were  obtained  for  these  processes.  This  result  may  be 
attributed  to  the  lack  of  energy  levels  available  in 
either  product  to  make  near  resonance  possible.  A 
similar  result  was  found  previously  for  the  reaction  of 
with  magnesium.’  For  N+  on  magnesium,  energy 
levels  allowing  a  near-resonance  mechanism  exist,  and 
the  cross  section  was  found  to  be  significantly  larger. 

In  general,  when  molecular  speci*^  ”•'*  being  con¬ 
sidered,  the  possibility  of  near  rcoonance  will  generally 
exist  for  an  exothermic  p'xess.  The  multitude  of 
bound  electronic  states  vith  their  associated  vibra¬ 
tional  and  rotational  levels  coupled  with  dissociation 
continuum  makes  near  resonance  possible  for  all 
exothennic  processes.  This  general  conclusion  is  well 
demonstrated  here  and  in  previously  reported  charge 
transfer  processes.” 

Other  measurements  of  charge  transfer  cross  sections 
■letween  atmospheric  ions  and  sodium  have  been  re¬ 
ported.  Henderson  el  al.*  have  obtained  results  for 
Nj'*'  and  Oj^  on  sodium  in  the  energy  range  25-200  eV. 
The  energ>-  dependence  of  their  cross  sections  is 
similar  to  ours,  but  the  absolute  values  tend  to  be 
about  an  order  of  magnitude  lower.  Peterson’  has  also 
measured  Ni'^-N'a  charge  exchange.  Once  again,  the 
energy  dependence  is  similar  in  the  two  experiments 
but  his  absolute  values  are  about  a  factor  of  2  larger 


than  ours.  It  should  be  noted  that  both  Henderson 
et  al.  and  Peterson  used  hot  wire  detectors  to  obtain 
thdr  beam  densities. 

The  results  reported  here  have  been  obtained  for 
primary  ion  energies  ranging  from  about  1  to  500  eV 
energy.  Much  of  the  interest  in  charge  transfer  cross 
sections  between  atmospheric  ions  and  metallic  species 
is  in  the  energy  range  from  thermal  to  1  or  2  eV.  In 
order  to  extend  our  measured  charge  transfer  cross 
sections  to  lower  energies,  an  extrapolation  technique 
has  been  developed  and  has  been  desciibed  fu'ly  in  a 
previous  publication.’ 

One  assumption  inherent  in  the  extrapolation  pro¬ 
cedure  is  that  the  relative  abundances  of  the  various 
products  emerging  from  the  capture-formed  complex 
are  independent  of  the  relative  kinetic  energy  of  the 
reactants.  Failure  of  this  criterion  invalidates  the 
derived  rate  coefficients.  In  general,  whether  or  not  the 
extrapolation  technique  is  valid  can  be  seen  by  ob¬ 
serving  if  tk"  calculated  cross  section  fits  the  experi¬ 
mental  data  to  the  lowest  energies  considered.  A  com¬ 
puter  program  has  been  developed  to  perform  the 
calculations.  Results  for  the  five  ion  species  which 
were  found  to  extrapolate  are  given  in  Table  II.  Both 
cro»  sections  and  rate  coefficients  are  presented. 

Thermal  energy  rate  coefficients  have  been  obtained 
for  charge  transfer  from  Nr,  and  NO'  to  Na 
by  Farragher  ei  al.*  using  a  flowing  afterglow  technique. 
For  Nt^  and  they  obtained  values  of  5.8X1B“'° 
cm’/sec  and  6.7X10"“  cm’/sec,  respectively,  while 
for  NO^,  values  of  about  an  order  of  magnitude  less  were 
obtained.  The  value  for  Ni'*'  and  Oj"*'  are  between  a 
factor  of  2  and  3  lower  than  those  given  in  Table  II. 
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ABSTRACT 

Charge  transfer  cross  sections  have  been  measured 
in  the  energy  range  from  1  to  500  eV  for  nine  common  atmos¬ 
pheric  ions  in  collision  with  neutral  calcium  atoms.  The 

ions  studied  are  0“^,  N'*’,  N^,  NO'^,  O^  ,  H.O'^,  H.o'*^, 

+  +  ^  /  <5  3 

N  O  ,  and  Ca  .  In  all  cases  the  cross  sections  are  found 

A 

to  be  large  indicating  near  resonant  processes.  Mechanisms 
consistent  with  this  observation  are  given.  Extrapolation 
of  the  measured  cross  sections  to  thermal  energies  has 
also  been  carried  out. 


This  worK  was  supported  by  the  Defense  Nuclear  Agency 
under  Contract  No.  DASA01-69-C-0044. 
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I.  INTRODUCTION 


The  experiments  discussed  represent  the  third  in  a  series  of  studies 

undertaken  to  investigate  the  importance  of  charge  transfer  as  a  method 

of  producing  metallic  ions  in  processes  related  to  aeronomy  and  the  low 

energy  aspects  of  asymmetric  charge  transfer.  Studies  involving  magnesium^ 

2 

and  sodium  have  been  reported  previously. 

Calcium  is  one  of  the  more  dominant  metallic  species  present  in  the 

3 

upper  atmosphere.  Its  presence  has  been  observed  in  rocket  experiments 

4  5 

and  in  studies  of  optical  emissions  from  the  atmosphere.  '  The  low 
ionization  potential  of  this  species  (6.  113  eV)  coupled  with  the  fact  that  it 
is  atomic,  make  the  normal  processes  for  deionization  in  the  atm''sphere 
(dissociative  recombination  and  charge  transfer)  ineffective.  As  a  con¬ 
sequence,  calcium  ions  vill  be  long-lived  and  therefore  may  have  an 
influence  on  the  chemistry  of  the  upper  atmosphere  greater  than  the  con¬ 
centration  of  this  species  would  suggest. 

n.  EXPERIMENTAL 

The  experiments  were  performed  using  the  tandem  mass  spectrometer 
apparatus  described  in  detail  previor;sly.  ^  In  this  instrument,  a  modulated 
neutral  beam  of  the  metallic  species  is  interposed  between  two  mass  spectro¬ 
meters.  The  first  of  these  spectrometers  produces  the  primary  ion  beam 
while  the  second  is  used  to  analyze  the  products  of  reaction.  The  primary 
ion  source  is  constructed  in  such  a  manner  that  the  energy  of  the  electron 
beam  can  be  regulated  with  enough  precision  to  allow  control  of  the  state 
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of  excitation  of  the  ions  in  the  beam. 

The  neutral  beam  was  formed  in  a  heated  cell  as  described  in 
reference  1.  The  vapor  pressure  in  the  cell  was  generally  of  the  order 
50  microns.  At  the  pressures  used  in  the  metal  vapor  cell,  dimerization 
of  the  metal  atoms  is  not  expected  to  be  a  problem.  In  spite  of  this, 
during  the  course  of  the  experimental  investigations  attempts  were  made 
to  see  charge -transfer  to  dimers  in  the  beam.  No  evidence  of  such 
species  was  found.  As  in  the  previous  experiments,  both  activation 
analysis  and  molecular  effusion  techniques  were  used  to  determine  the 
neutral  beam  density.  For  calcium,  these  two  methods  agreed  to  within 
1%. 

Other  possible  experimental  errors  have  been  discussed  in  reference  1. 
The  total  error  is  expected  to  be  similar  here,  that  is  ±  30%  at  high  impact 
energies  rising  to  a  factor  of  i  2  at  the  lowest  energies. 

m.  RESULTS 

Charge  transfer  cross  sections  have  been  measured  for  collisions 
between  nine  ions  and  neutral  calcivun  in  the  energy  range  from  1  to  500  eV. 
These  cross  sections  are  presented  here  in  graphical  form.  Unless 
otherwise  noleU,  Ihe  primary  ions  were  formed  using  40  eV  electrons. 

In  Fig.  1  are  shown  the  charge  transfer  cross  sections  for  Ca^,  H  O^, 
NgO  and  incident  on  Ca  atoms.  The  results  for  the  symmetric  Ca^  on 
Ca  are  shown  only  for  interaction  energies  above  30  eV  since  the  fast 
primary  and  slow  secondary  calcium  ions  cannot  be  separated  below  tliis 
energy. 

Cross  sections  for  H^O  and  NO^  on  Ca  are  given  in  Fig.  2  while  those 
for  N  and  O  are  given  in  Fig.  3.  It  should  be  noted  that  the  O  cross 
section  is  for  the  ground  state  of  the  primary  ion  only.  A  beam  of  pure 
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ground  state  is  obtained  by  keeping  the  electron  energy  in  the  primary 
ion  source  below  the  threshold  energy  for  formation  of  metastable  states. 
When  the  electron  energy  was  raised  above  the  threshold  for  metastable 
state  production,  only  a  small  chapgs  in  the  charge  transfer  cross  sections 
was  observed.  The  NO^  ion  is  also  kr  own  to  possess  metastable  states. 

In  these  experiments  the  concentration  of  metastables  was  kept  low.  As 
a  consequence,  the  cross  section  curve  for  NO^  on  Ca  in  Fig.  2  may  be 
taken  to  be  that  for  the  ground  state  of  the  ion. 

For  Og  a  large  effect  due  to  metastable  states  was  observed.  In 
Fig.  4  the  results  obtained  for  the  charge  transfer  cross  section  at  one 
ion  energy  (100  eV)  are  given  as  a  function  of  the  number  of  metastable 
ions  in  the  beam.  The  number  of  metastables  is  varied  by  changing  the 
primary  ion  source  electron  energy.  Below  16  eV,  no  metastable 

^  lA  2 

ions  may  be  formed  and  Fig.  4  shows  a  cross  section  of  about  55  xl0"^°  cm 
As  the  electron  energy  is  increased  the  cross  section  is  seen  to  rise  reach¬ 
ing  a  limiting  value  above  30  eV.  This  rise  is  due  to  the  metastables  in 

the  beam.  In  Fig.  5  the  charge  transfer  cross  section  for  ground  state 

+ 

on  Ca  is  shown.  This  curve  is  obtained  using  O  ions  formed  by  electrons 
with  energies  less  than  16  eV.  The  composite  curve,  also  shown  in  Fig.  5 
is  obtained  using  ions  formed  with  40  eV  electrons.  In  order  to  obtain 

A 

the  curve  for  the  excited  state  alone  it  is  necessary  to  have  the  ground  state 
cross  section,  the  composite  curve  and  the  percentage  of  metastable  ions 
in  the  beam.  This  latter  value  is  determined  in  a  subsidiary  experiment.  ^ 
The  cross  section  for  the  excited  state  alone  is  also  shown  in  Fig.  5. 


IV.  DISCUSSION 


Mechanisms  postulated  to  explain  the  experimental  results  obtained 

must  in  some  manner  account  for  all  the  energy  released  in  the  reaction. 

1  2 

Previous  experiments  in  this  series  ’  have  shown  that  where  excited 


states  of  the  products  allow  near  resonant  reactions,  the  cross  section 
for  the  process  is  largest  at  low  energies  and  decreases  as  the  energy 
of  the  ions  increases.  When  no  excited  states  can  give  a  resonant 
condition,  the  cross  section  was  found  to  be  small. 

For  calcium,  all  the  cross  sections  were  found  to  be  large  and  product 
states  giving  resonant  channels  are  therefore  postulated  to  be  the  main 
reaction  paths.  Table  I  contains  the  states  of  the  reactant  and  products 
used  in  the  discussion  together  with  their  energies.  The  reaction  paths 
suggested  below  are  to  be  considered  only  as  possible  explanations  for 
the  results. 

Figure  1  gives  the  results  obtained  for  the  symmetric  charge  transfer 
process  of  Ca^  +  Ca.  This  reaction  must  have  exact  energy  resonant  for 
ground  state  Ca^  and  as  a  consequence  a  large  cross  section  could  be 

expected.  The  charge  transfer  cross  sections  for  H  O^,  N  (Fig.  1) 

+  ^ 
and  MjO  (Fig.  2)  on  Ca  are  of  comparable  size  to  the  symmetric  case. 

The  energy  dependence  and  magnitude  of  these  cross  sections  is  that 

which  would  be  predicted  for  reaction  channels  having  small  energy  defect. 

For  these  polyatomic  species  it  is  difficult  to  ascertain  what  the  states  of 

the  products  might  be.  For  H  two  possible  mechanisms  are  suggested, 

+ 

however.  One  of  these  involves  production  of  the  Ca  in  an  excited  state 
and  the  other  leads  to  dissoriation  of  the  polyatomic  molectile.  These 
reactions  can  be  written  as 

+  Ca(^S  )— H„0  +  Ca'‘^(5s,^SJ  +  0.039  eV  , 

I  o  i  ^ 

and 

+  Ca(^S  )— H  +  OH  +  Ca'^(4s,  J  +  1.  39  eV  . 
z  o  f 

The  excess  energy  in  the  last  reaction  could  go  into  kinetic  energy  of  the 

neutral  produces. 
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1970.  Molecular  levels  obtained  from  "Basic  Energy  Level  and  Equilibrium  Data  for  Atmospheric 
Atoms  and  Molecules,"  F.  R.  Gilmore,  The  Rand  Corporation,  Research  Memorandum, 

R.M. -5201-ARPA,  March  1967. 


The  reaction  of  Ca  with  N  is  probably  dissociative  in  nature  since 

A 

the  exothermicity  of  the  reaction  (6.  78  eV)  is  much  greater  than  the 
dissociation  energy  (1.  68  eV).  The  reaction  will  also  be  dissociative 

since  this  species  exist  only  as  an  ion. 

The  charge  transfer  cross  section  for  on  calcium,  shown  in  Fig.  1, 
is  somewhat  smaller  than  that  for  the  polyatomic  species  but  is  still  large. 
The  excess  energy  available  in  this  reaction  (9.47  eV)  can  go  to  producing 

7 

Ng  in  an  excited  state.  Several  states  lie  in  the  correct  energy  region. 

1  /  L„-  /  3  -  1 

Among  these  are  the  a  IT  ,  a  a  ,  B  S  and  the  W  A  states.  The 

g  u  u  u 

severed  reaction  paths  available  may  account  for  the  large  charge  transfer 
cross  section  for  N  on  calcium. 

The  charge  transfer  cross  fection  for  NO^  on  calcium  is  smaller  than 

that  for  on  calcium.  Consideration  of  the  energies  of  the  possible 

states  available  in  the  products  shows  that  a  near  resonant  channel  exists 

2  o 

if  the  Ca  is  formed  in  the  (4p,  ^3/2^  state.  This  reaction  may  be  written 

as 

NO^(X^2^)  +  Ca(^S^)— NO(X^n)  +  CaVp.^P^^g^  ^  * 

The  energies  of  the  states  involved  are  given  in  Table  I,  The  fact  that 
there  is  only  one  possible  near  resonant  channel  may  accoxint  for  this  cross 
section  being  smaller  than  that  for  the  case.  It  is  of  interest  to  note  that 
for  this  reaction,  where  only  one  reaction  path  may  exist,  the  experimental 
scatter  in  the  data  is  less  than  for  the  case  of  where  many  paths  may 
exist.  Although  no  concrete  evidence  of  how  the  presence  of  these  different 
paths  leads  to  increased  scatter  in  the  results  exists,  one  can  postulate 
that  the  different  possible  channels  have  different  reaction  probabilities 
as  a  fiinction  of  interaction  energy  thereby  leading  to  structure  in  the  curve. 
This  structure  appears  in  our  data  as  scatter. 

For  in  the  ground  state  charge  exchanging  with  calcium,  the  cross 
section  values  are  similar,  at  low  energies,  to  those  for  the  NO^  reaction. 
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Here  again  a  single  reaction  path,  leading  to  very  close  energy  resonance, 
exists.  The  reaction  is  represented  as 

0^(S°)  +  Ca(^S  )— 0(^P)  +  Ca^(5p,^PJ  +  0.001  eV  . 

o  i 

+  12 

In  previous  studies  involving  reactions  of  O  with  Mg  and  Na  the 
charge  transfer  cross  sections  were  small.  In  these  forme  r  cases  no 
set  of  product  states  allowed  a  near  resonant  mechanism. 

Near  resonance  also  exists  for  the  reaction  of  with  calcium.  In 
this  case  the  energy  defect  is  larger  than  for  the  reaction  and  this 
may  be  one  of  the  factors  which  causes  the  cross  section  to  be  smaller 
than  that  for  at  low  energies.  The  reaction  may  be  written  as 

N^(^P)  +  Ca(^S  )— N('^S  )  +  Ca^(4f,^F°)  -  0.016  eV  . 
o  o 

The  results  for  on  Ca,  seen  in  Fig.  5  again  indicate  that  near 
resonant  processes  may  be  important.  For  the  ground  state  two  near 
resonant  processes  are  given 

+  Ca(^S^)--02(B^2  j  +  Ca'^(V)  -  0.  1  eV  , 

and 

0^(X^n  )  +  Ca(^S  )— 20(^P)  +  Ca^(^S,)  +  0.835  eV  . 

2  g  o  ^ 

Of  these  two  the  second  is  the  more  probable  since  the  excess  energy  can 

easily  be  absorbed  by  the  two  ground  state  O  atoms.  For  the  excited 

state  of  only  a  dissociative  process  is  suggested.  If  both  the  O  atoms 

are  produced  in  the  ground  state  the  reaction  may  be  written  as 

ot(a^n  )  +  Ca(*S  )— 20(’p)  +  Ca'(“S  J  +  4.  873  eV  . 

2  u  o  5 

The  excess  energy  here  is  great  enough  that  one  of  the  O  atoms  may  be 

produced  in  an  excited  state  such  as  or  possibly  even  ^S.  It  should 

be  noted  that  if  dissociation  does  occur  in  these  reactions,  oxygen  atoms 

with  kinetic  energies  well  above  thermal  are  produced. 

Using  our  experimental  technique,  interaction  energies  of  less  than 
1  eV  are  difficult  to  obtain.  In  many  applications  the  interest  in  charge 
transfer  reactions  lies  in  the  energy  range  from  thermal  to  1  or  2  eV. 

In  order  to  obtain  cross  section  values  in  this  region,  an  extrapolation 
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method  developed  in  this  laboratory  has  been  used.  This  technique 
assumes  that  the  relative  abundance  of  the  various  products  emerging 
from  the  interaction  complex  remains  fixed.  If  this  condition  is  not  met, 
the  technique  will  not  give  valid  rate  coefficients  near  thermal  energies. 

In  gener  al,  whether  or  not  the  extrapolation  procedure  is  valid  can  be 
seen  by  observing  if  the  calculated  cross  section  fits  the  experimental 
data  to  the  lowest  energy  of  measurement.  In  this  regard,  we  have 
arbitrarily  set  an  average  limit  on  this  deviation  of  ±  10%  for  the  fit  of 
the  experimental  and  calculated  cross  sections  at  the  lowest  measured 
energies.  We  also  require  that  no  deviations  larger  than  this  occur  over 
the  intermediate  energy  range  between  the  lowest  energy  points  and  the 
high  energy  region  where  the  calculation  is  normalized  to  the  measured 
cross  sections.  In  the  present  studies,  the  extrapolation  procedure  is 
found  to  be  valid  for  all  systems.  The  cross  sections  and  rate  coefficients 
obtained  for  three  different  temperatures  are  given  in  Table  11. 
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TABLK  II.  Calculated  cross  sections  and  rate  coefficients 
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transfer  cross  sections  for  Ca  ,  H2O  ,  N^O  ,  and  N2  ions  impinging  on  neutral 
function  of  the  energy  of  the  incident  ions. 


ctions  for  the  atomic  ions  N  and  O  impinging  on  neutral 
f  the  incident  ions. 
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ABSTRACT 

Reactions  of  iron  atoms  with  common  atmospheric  ions  have  been 
studied  in  the  energy  range  from  2  to  500  eV.  The  'ons  considered  are 
H  ,  O  ,  N^,  Ng,  NO^,  O^,  and  H^O^.  With  the  exception  of  one 

proton  transfer  reaction,  all  of  the  processes  studied  involved  charge 
transfer.  All  but  one  of  the  charge  transfer  reactions  were  found  to 
have  large  cross  sections  over  the  total  energy  range  and  probably 
proceed  by  near  resonant  energy  paths.  Where  possible  the  measured 
cross  sections  have  been  extrapolated  to  thermal  energies. 

INTRODUCTION 

Iron  is  known  to  be  an  important  minor  constituent  of  the  upper 
1  2 

atmosphere;  '  its  presence  being  accounted  for  by  the  ablation  of 

meteors.  Even  though  this  species  is  in  low  concentration,  it  can  have 

an  important  effect  on  the  chemistry  of  the  upper  atmosphere.  Its  low 

3 

ionization  potential  (7.  870  eV)  allows  it  to  undergo  charge  exchange 
with  all  common  atmospheric  ions.  Iron  ions,  once  formed  in  the 

This  work  was  supported  by  the  Defense  Nuclear  Agency  under  Contract 
No.  DASA01-69-C-0044. 
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upper  atmosphere,  should  have  a  long  lifetime  since  radiative  recombi¬ 
nation  (a  process  known  to  have  smaill  cross  sections)  is  probably  the 
only  significant  loss  mechanism. 

The  results  reported  here  represent  the  fourth  part  in  a  series 

of  experiments  to  look  at  asymmetric  charge  transfer  processes  involving 

4 

metal  atoms.  Previous  sections  have  dealt  with  reactions  of  magnesium, 
sodium^  and  calcium^  interacting  with  common  atmospheric  ions.  These 
previous  studies  have  shown  the  importance  of  near  resonant  reaction 
p>aths  in  low  energy  charge  transfer.  The  results  in  this  present  publi¬ 
cation  support  this  observation. 

EXPERIMENTAL 

The  apparatus  and  experimental  techniques  employed  for  measure¬ 
ment  of  charge  transfer  processes  between  ions  and  metal  vapor  have 

4 

been  described  previously.  Briefly  the  apparatus  consist.';  of  two  mass 
spectrometers  operating  in  tandem.  The  modulated  beam  of  metal  vapor 
is  interposed  between  the  two  spectrometers.  The  first  mass  spectrometer 
is  used  to  analvze  the  primary  ion  beam  v^hile  the  second  analyzes  the 
modulated  beam  of  secondary  ions  produced  by  collisions  between  the 
primary  ion  beam  and  the  metal  vapor. 

The  low  vapor  pressure  of  iron  compared  with  the  previously 
studied  metal  vapors  required  a  molecular  effusion  source  capable  of 
withstanding  high  temperatures.  This  cell  was  constructed  from  a  high 
purity  alumina  crucible  surrounded  by  tungsten  foil.  Passage  of  current 
through  the  foil  served  to  heat  the  crucible.  The  temperature  was  monitored 
using  an  optical  pyrometer.  Pure  iron  wire  placed  in  the  crucibJe  was 
used  as  the  source  cf  iron  vapor.  Pressures  of  the  order  of  50  microns 
were  generally  used  in  the  heated  crucible.  The  neutral  beam  was  formed 
by  effusion  of  the  iron  vapor  from  a  small  hole  in  the  side  of  the  crucible. 
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At  the  pressures  used  in  the  metal  vapor  cell,  dimerization  of  the  metal 
atoms  is  not  expected  to  be  a  problem.  In  spite  of  this,  during  the  course 
of  the  experimental  investigations,  attempts  were  made  to  See  charge - 
trauisfer  to  dimers  in  the  beam.  No  evidence  of  such  species  was  found. 

4-6 

As  in  the  previous  metal  atom  studies,  two  methods  were  used 

to  obtain  the  neutral  beam  density;  molecular  effusion  calculations  and 

activation  analysis.  The  errors  in  both  methods  are  larger  here  than 

in  the  previous  studies.  The  molecular  effusion  method  suffers  from 

errors  in  temperature  measurement  due  to  use  jf  the  optical  pyrometer 

while  the  neutron  activation  technique  is  troubled  by  trace  quantities  of 

manganese.  Errors  of  up  to  ±  30%  can  exist  for  both  methods.  The  two 

methods  gave,  however,  iron  beam  densities  that  agreed  to  within  1.  5%. 

The  possibility  of  a  larger  systematic  error  in  the  absolute  cross  sections 

4-6 

than  that  reported  for  the  other  metal  atoms  data  exists  here  because 
of  the  increased  uncertainty  in  the  neutral  beam  density.  The  maximum 
possible  error  here  is  ±50%  at  high  impact  energies  increasing  to  as 
much  as  a  factor  of  2.  2  at  the  lowest  energies. 

RESULTS  AND  DISCUSSION 

The  cross  sections  for  charge  transfer,  and  in  one  case,  proton 
transfer,  between  neutral  iron  atoms  and  several  ions  were  determined 
over  the  energy  range  from  2  to  500  eV.  An  electron  energy  of  40  eV 
was  used  to  form  the  primary  ions.  These  cross  sections  are  presented 
here  in  graphical  form  since  this  type  of  presentation  aids  in  the 
discussion  of  the  data. 

The  cross  sections  for  the  charge  transfer  of  neutral  iron  with  the 

ions  H  O^,  O^,  and  are  shown  in  Fig.  1 ,  while  those  for  charge 
^  ^  + 

transfer  with  Ng,  NO  and  N  are  shov/n  in  Fig.  2.  The  charge  transfer 
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and  proton  transfer  reactions  involving  H^O  are  shown  in  Fig.  3. 

The  cross  section  curves  shewn  in  Figs.  1  and  2  are  all  very 

similar  in  that  they  show  an  increase  in  magnitude  with  decreasing  ion 

energy.  This  increase  is  similar  for  all  seven  species  shown.  In 

addition  to  this,  the  absolute  magnitudes  of  the  cross  section  curves  are 

all  quite  large  and  do  not  show  a  large  variation  from  species  to  species. 

“16  2 

For  example,  at  10  eV  all  the  cross  sections  lie  between  10  and  35  xlO  cm** 

while  at  500  eV  the  total  range  of  cross  sections  is  between  5  and  30  X  10 

2  +  + 
cm  .  It  is  interesting  to  note  in  this  regard,  that  H  and  O  (see  Fig.  1) 

which  have  similar  ionization  potentials,  have  cross  section  curves  that 

are  essentially  the  same. 


The  explanation  for  the  similarity  in  the  magnitude  of  the  cross 
sections  for  all  species  in  Fig.  1  and  2  probably  arises  due  to  the  multi¬ 
plicity  of  states  in  which  the  iron  ion  may  be  formed  by  the  charge  trans¬ 
fer  process.  Previous  studies  of  charge  transfer  with  metal  atoms  in 
4-6 

this  laboratory  have  shown  that  only  for  cases  of  very  near  resonance 
are  the  cross  sections  large  at  low  energies.  That  is,  in  cases  where 
formation  of  the  product  particles  in  specific  states  can  result  in  a  small 
energy  defect,  the  cross  section  is  large.  Iron,  with  its  multitude  of 
excited  ion  states  allows  a  near  resonance  situation  to  exist  for  all  the 
reactions  shown  in  Figs.  1  and  2.  Near  resonance  can,  in  some  cases, 
also  arise  when  the  resultant  neutral  particle  is  left  in  an  excited  state. 

In  our  experiment,  the  state  of  excitation  of  the  products  could  not  be 
determined. 


The  cross  section  curves  for  the  reaction  of  iron  with  H.O  (see 
Fig.  3)  differ  from  those  discussed  above.  The  charge  transfer  process 
leading  to  production  of  the  neutral  product  and  H  can  be  seen  from 
the  figure  to  reach  a  maximum  at  about  7  eV  ion  energy  and  then  decrease 
to  lower  energies.  Such  behavior  is  indicative  of  a  non-resonant  process. 
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The  recombination  energy  of  is  thought  to  be  about  7  eV^  and  the 

reaction  is  therefore  endothermic  by  about  0.87  eV.  The  cross  section 
curve  is  therefore  what  would  be  expected  in  this  case. 

The  proton-transfer  cross  section  shown  in  Fig.  3  decreases 
rapidly  with  increasing  ion  energy  over  the  whole  range  considered.  This 
behavior  is  what  would  be  expected  for  an  exothermic  ion-molecule 
reaction.  The  excess  energy  for  this  reaction  can  come  from  the  FeH^ 
bond  formed.  As  a  consequence,  when  one  considers  both  the  charge 
transfer  and  proton  transfer  processes,  it  can  be  seen  that  a  large  cross 
section  for  destruction  of  exist  over  the  entire  energy  range  studies. 

The  effects  of  long-lived  excited  states  in  the  primary  ion  beam  were 

investigated  for  cases  where  these  species  are  known  to  exist  (O^, 

+  ^ 
and  NO  ).  In  all  cases  very  little  change  was  observed  in  the  cross  section 

curve  when  excited  states  were  introduced  into  the  primary  ion  beaun.  The 

relative  independence  of  the  cross  section  on  the  state  of  excitation  of 

the  incident  ion  is  not  surprising  since  the  multitude  of  states  available 

in  the  iron  ion  makes  near  resonance  possible  for  these  species  also. 

Considerable  interest  in  charge  transfer  cross  sections  for  the  energy 

range  from  thermal  to  1  or  2  eV  exists.  Our  measurements  cover  only  the 

top  end  of  the  range.  In  order  to  obtain  values  for  lower  interaction  energies 

an  extrapolation  procedure  has  been  developed.  This  procedure,  which  is 

8 

described  fully  in  another  publication  has  been  used  to  extend  the  iron 
charge  transfer  cross  sections  to  lower  energies. 

The  extrapolation  procedure  operates  on  the  assumption  that  the 
relative  abundance  of  the  various  products  emerging  from  the  reaction 
..'cays  constant  over  the  total  energy  range  from  thermal  to  500  eV.  Failure 
of  this  condition  invalidates  the  rate  coefficients  obteiincd  at  low  energies 
from  the  calculation.  In  general,  whether  or  not  the  extrapolation  procedure 
is  valid  can  be  seen  by  observing  if  the  calculated  cross  section  fits  the 
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experimental  data  to  the  lowest  energy  of  measurement.  In  this  regard, 
we  arbitrarily  have  set  an  average  limit  on  this  deviation  of  ±10%  for  the 
fit  of  the  experimental  and  calculated  cross  sections  over  the  lowest 
measured  energy  points.  We  also  require  that  no  deviations  larger 
than  this  occur  over  the  intermediate  energy  range  between  the  lowest 
energy  points  and  the  high  energy  region  where  the  calculation  is  normalized 
to  the  measured  cross  sections.  Results  for  the  charge  transfer  reactions 
between  iron  and  the  ions  studied  for  which  the  extrapolation  is  valid 
are  given  in  Table  I.  Both  cross  sections  and  rate  coefficients  are 
given. 
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TABLE  I.  Calculated  Cross  Sections  and  Rate  Coefficients 
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Figure  2.  Charge-transfer  cross  sections  for  N^.  NO  ,  and  N  ions  impinging  on  neutral  iron  as 
function  of  the  energy  of  the  incident  ion. 
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Figure  3.  Charge-transfer  and  proton-transfer  cross  sections  for  H3O  ions  impinging  on  neutral 
iron  as  a  function  of  the  energy  of  the  incident  ion. 
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ABSTRACT 


Charge  transfer  reactions  between  O  ,  O  ,  OH  and  NO,,  and 

it  it 

O  have  been  studied  to  obtain  cross  sections  for  formation  of  O". 

•J  ^ 

The  energy  range  of  the  ions  extended  from  1  eV  -  500  eV.  The 
accepted  value  for  the  electron  affinity  of  O^  has  been  checked  by 
looking  at  the  above  charge  transfer  process  as  well  as  F  ,  Cl  , 
and  CO^  with  O^.  The  results  show  that  the  electron  affinity  of  O^ 
must  be  close  to  accepted  value  of  approximately  2  eV.  A  further 
result  of  this  study  is  that  the  electron  affinity  of  NOg  mus:  be  similar 
to  that  of  O^. 


(■receding  iiage  blank 
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INTRODUCTION 


Ozone  is  known  to  be  an  important  constituent  of  the  lower  atmosphere 

and,  as  a  consequence,  its  chemistry  is  of  interest.  One  aspect  of  the 

problem  is  the  conjecture  that  the  negative  ion  of  this  species  is  an 

important  intermediate  in  the  formation  of  long-lived  negative  ions  in  the 

D  region.  ^  Previous  investigations  of  reactions  of  ions  with  this  species 

have  been  restricted  to  thermal  energy  studies  with  O  and  O  using  flowing 

2 

afterglow  techniques.  The  study  of  negative  ion  reactions  is  always  hampered 
by  the  lack  of  knowledge  of  the  electron  affinity  of  many  of  the  species.  One 
aspect  of  the  present  study  has  been  to  try  and  establish  with  more  reliability 
these  important  constants. 

The  present  investigation  has  also  pointed  out  the  importance  of  near 

resonance  in  low  energy  negative  ion  charge  transfer  processes.  As  in 
3  4 

previous  studies  ’  using  positive  ions  the  results  obtained  indicate  that 
unless  a  reaction  channel  which  allows  all  the  excess  energy  in  the  reaction 
to  be  absorbed  by  tlie  products  the  cliarge  transfer  cross  section  will  be 
small  at  low  energies. 


APPARATUS 

A  detailed  description  of  the  apparatus  in  the  configuration  employed 

for  positive  ion-neutral  metal  vapor  charge  transfer  reactions  has  been 

3 

given  in  a  previous  publication.  The  reactions  investigated  here  involve 
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the  formation  of  negative  ions.  In  general  the  only  apparatus  changes 
required  for  such  studies  are  a  reversal  of  the  magnetic  and  electric  fields 
employed.  The  major  experimental  modification  here  was  the  construction 
of  an  ozone  generator  capable  of  producing  pure  ozone  and  the  installation 
of  a  sample  handling  system  which  did  not  lead  to  decomposition  of  this 
unstable  species.  The  generation  and  handling  system  will  be  described 
in  detail  after  a  brief  outline  of  the  apparatus. 

The  instrument  consists  of  tandem  mass  spectrometers  with  the 
neutral  beam  interposed  at  right  angles.  Primary  ions  are  ge.ierated  by 
electron  impact  in  the  ion  source  of  the  first  mass  spectrometer,  a  180-deg 
magnetic  sector-  After  mass  analysis,  the  primary  ions  are  accelerated 
or  retarded  to  the  desired  interaction  energy  and  allowed  to  interact  with 
the  neutral  beam.  Product  ions  formed  due  to  reaction  between  the  primary 
ions  and  the  neutral  beam  are  extracted  from  the  interaction  region  along 
the  direction  o.*'  the  primary  beam  by  a  weak  electric  field.  Collection 
efficiencies  of  about  70%  are  usually  obtained.  These  ions  are  then 
accelerated,  focused  and  mass  analyzed  in  a  60-deg  magnetic  sector,  and 
finally  detected  with  a  Be-Cu  electron  multiplier.  The  neutral  beam  effuses 
from  a  small  hole  in  a  room-temperature  iridium  tube  located  in  a  separate¬ 
ly  pumped  chamber  of  the  apparatus.  The  beam  passes  from  this  source 
chamber,  through  an  intermediate  chamber  which  serves  to  collimate  the 
beam  and  into  the  experimental  region.  There  it  is  mechanically  chopped 
and  allowed  to  interact  with  the  primary  ion  beam.  The  modulation  of  the 
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neutral  becim  allows  selective  amplification  and  phase -sensitive  detection. 

The  neutral  beam  density  is  determined  from  the  pressure  of  ozone 
in  the  tube,  and  the  geometry  of  the  apparatus.  The  ozone  pressure  was 
determined  using  a  differential  pressure  measurement.  This  method 
which  assures  that  the  pressure  measured  is  that  at  the  point  of  effusion 
from  the  tube,  reqviires  that  the  gas  be  pure.  As  is  shown  below,  our  beam 
was  composed  of  pure  O^. 

Ozone  was  produced  using  an  electric  discharge  in  a  low-pressure  flow 

of  pure  oxygen.  A  schematic  representation  of  the  generation  system  which 

5 

is  similar  to  that  employed  by  Griggs  and  Kaye  is  given  in  Fig.  1.  Pure 
oxygen  (Ldnde  ultrahigh  purity  dry)  at  a  pressure  of  about  0. 1  Torr  flowed 
from  a  leak  valve  through  a  stainless  steel  tube  and  rito  a  liquid-nitrogen- 
cooled  glass  U-tube.  This  U-tube  had  a  collector  protruding  from  die  bottom 
to  accumulate  the  liquid  ozone.  The  U-tube  was  connected  to  a  silica-gel 
filled  ozone  storage  container,  also  constructed  of  glass.  The  connection 
between  the  U-tube  and  the  storage  container  is  made  using  stainless  steel 
fittings.  The  ac  potential  required  to  produce  the  discharge  in  the  U-tube 
was  applied  using  a  neon  sign  transformer  between  this  fitting  and  ground 
potential  (stadnless  steel  inlet  tube  and  fitting  used  for  connecting  the  U-tube 
and  inlet). 

Ozone  trapped  at  the  bottom  of  the  U-tube  was  allowed  to  collect  until 
a  sufficient  supply  for  a  day's  experiments  was  obtained.  The  discharge  and 
oxygen  flow  were  then  terminated  and,  after  evacuation  of  system,  the  U-tube 


108 


warmed  to  room  temperature.  During  the  warming  period,  the  ozone 
vaporized  and  transferred  to  the  dry-ice-cooled  silica  gel  in  the  storage 
contained.^  The  ozone  was  stored  until  needed  in  the  cooled  silica  gel. 
To  obtain  ozone  at  a  pressure  sufficient  to  produce  an  adequate  beam  in 
the  crossed  beam  apparatus,  the  silica  gel  was  warmed  slightly  by  re¬ 
placing  the  dry  ice  with  an  alcohol  slush  bath.  Ozone  from  the  storage 
contciiner  was  allowed  into  the  neutral  beam  source  through  a  stainless 
steel  lecik  valve  and  stainless  steel  tube. 


Care  was  taken  to  kee„  impurities  in  the  ozone  beam  to  a  minimum. 
Apart  from  the  use  of  pure  gas  for  formation  of  ozone,  the  generation 
system  including  the  silica  gel  storage  vessel  was  pumped  and  outgassed 
before  the  oxygen  discharge  was  initiated.  After  sufficient  oZone  was 
formed,  the  generator  was  again  pumped  to  remove  any  excess  O^.  This 
last  operation  was  performed  prior  to  transfer  of  the  ozone  to  the  silica  gel. 

To  test  the  purity  of  the  ozone  prepared  in  this  manner,  the  resultant 


beam  was  probed  using  O  ions.  The  cross  section  for  the  reaction 

O  +  0  —0  +0  +  0  was  found  to  be  small  while  the  corresponding 

A  3  2  2 

fast  slow  slow  fast 

process  O  +  0_— O  +  O  is  know  to  be  large.  Fast  O  ions  crossing 
2  2  2  2  2 

fast  slow  fast  slow 

our  ozone  beam  did  not  produce  an  appreciable  quantity  of  slow  O  ions. 


Since  O  is  the  most  probable  impurity  in  our  ozone  beam,  the  dearth  of 
2 

O  ions  produced  in  the  above  reaction  indicates  an  absence  of  this  species. 
2 
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RESULTS 

Reactions  of  ozone  with  O  ,  O  ,  OH  ,  NO  ,  F  ,  Cl  ,  O  and  CO” 

z  2  3  3 

have  been  investigated.  Those  processes  which  were  found  to  have  readily 
measurable  cross  sections  have  been  studied  in  detail  while  for  those  for 
which  the  reaction  probability  is  smeiU,  only  upper  limits  on  the  cross 
sections  are  given. 

The  ions  for  which  reactions  with  ozone  have  been  studied  in  detail 

are  O  ,  O^,  OH  and  NO^  .  In  all  cases  the  major  reaction  channel  is 

non-dissociative  charge  transfer  to  form  O^.  The  cross  section  data 

obtained  for  the  first  three  of  these  reacticns  are  given  in  Fig.  2  while 

those  for  NO^  on  ozone  are  presented  in  F. g.  3. 

The  symmetric  charge  transfer  reaction  O^  on  O^  has  only  been 

studied  at  high  interaction  ener  gies.  Experimental  limitations,  arising 

from  the  inability  of  our  secondary  mass  spectrometer  to  distinguish 

between  fast  primary  and  slow  secondary  O^,  prevented  low-energy 

values  being  obtained.  The  resonant  charge  transfer  cross  section  was 

-16  2 

found  to  vary  between  6  and  4x  10  cm  in  the  range  between  150 
and  400  eV. 

The  upper  limits  for  charge  trainsfer  reacu— iS  of  the  ions  F  ,  Cl 

and  CO^  with  ozone  are  given  in  Table  I. 

The  charge  exchange  cross  section  for  the  process  O  +  NO  +  NO, 

3  m3 

was  remeasured  here.  The  results  which  agree  with  our  previous  measure- 
7 

ments  are  given  in  Fig.  3. 


The  nature  of  the  errors  present  in  our  experiment  have  been  dis- 
3 

cussed  previously.  The  magnitude  of  the  error  in  absolute  cross  sections 
given  here  depend  upon  the  species  being  studied.  For  O  ,  O  ,  OH  and 
charge  exchange  with  ozone,  the  possible  error  on  the  values  reported 
are  ±25%  at  impact  energies  above  30  eV  and  may  increase  to  as  much  as 
±40%  at  the  lowest  ion  energies.  For  F  ,  Cl  and  charge  exchange 

with  ozone,  only  upper  limits  on  the  cross  section  are  given.  For  these 
measurements  the  primary  beams  of  F  ,  Cl  and  used  were  small, 

and  no  detectable  signal  could  be  found  at  only  impact  energy.  The  actual 
cross  sections  for  these  charge  exchange  processes  may  be  much  lower 
than  the  upper  limits  given. 

For  NO  charge  transfer  with  neutral  ozone  and  the  reverse  reaction 
of  O  on  NO  ,  experimental  difficulties  were  encountered  due  to  the 
similarity  in  mass  of  the  primary  and  secondary  ions  (NO^  is  46  amu  and 
O^  48  amu).  In  our  apparatus,  the  secondary  ions  are  extracted  in  the 
sarnie  direction  as  the  primary  ions  and  both  beams  therefore  enter  the 
secondary  mass  jpectrometer.  These  two  beams  will  have,  in  general, 
different  masses  and  different  energies  (i.  e. ,  the  primary  ions  will  have 
the  energy  with  which  they  passed  through  the  collision  region  plus  the 
energy  due  to  the  accelerating  lenses  after  the  collision  region,  while  the 
secondary  ions  have  only  the  energy  due  to  the  accelerating  region).  Under 
these  conditions  if  the  primary  ion  has  a  mas'i  similar  to  but  slightly  less 
than  that  of  the  secondary  ion,  there  will  be  a  range  of  primary  ion  energies 
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when  both  the  primary  ion  and  the  secondary  ions  are  in  focus  in  the 


secondary  mass  spectrometer.  Under  these  conditions  the  DC  signal  due 
to  the  primary  ion  beam  overloads  the  amplifier  system  to  such  an  extent 
that  the  secondary  ion  signal  cannot  be  measured.  This  situation  occurs 
for  the  reaction  of  NO  on  O  in  the  primary  ion  energy  range  from  10  to 
100  eV.  For  on  NO^,  a  related  but  less  severe  problem  occurs  in 
the  ion  energy  range  from  12  to  30  eV.  Here,  the  resolution  of  the  primary 
mass  spectrometer  is  such  that  above  12  eV  a  small  amount  of  NO  is 

it 

present  in  the  O,  beam  making  measurement  impossible  up  to  an  energy 
of  30  eV  where  the  secondary  mass  sp'ictrometer  is  able  to  separate  the 
fast  from  the  slow  NO  particles.  The  amount  of  NO  present  in  the 

it  it 

primary  ion  beam  above  12  eV  is  large  compared  to  the  secondary  ion  signed 

but  is  very  small  compared  to  the  O^  and  as  a  consequence  does  not  interfere 

with  measurement  of  the  O  charge  traoisfer  with  NO„. 

3  i 


DISCUSSION 


Table  II  lists  the  electron  affinities  used  to  calculate  the  energetics 

of  the  reactions  studied.  The  electron  affinity  of  O^  is  listed  at  1.  9  eV. 

0 

This  value  .vhich  was  first  obtained  by  Wood  and  D'Orazio  is  in  good 
agreement  with  the  recent  photodetachment  value  of  2.  09  eV  given  b; 

9 

Sinnott  and  Beaty  but  is  lower  than  earlier  accepted  values  which  placed 
this  constant  at  about  3  eV.  The  choice  of  approximately  2  for  the 
electron  affinity  of  O^  can  be  justified  by  considering  the  magnitude  of 
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the  charge  transfer  cross  sections  measured  here  for  reactions  where  the 
other  component  has  a  known  electron  affinity. 

A  possible  reason  for  the  uncertainty  which  has  existed  and  still  in 
some  instances  does  exist  concerning  the  value  of  the  adiabatic  electron 
affinity  of  species  such  as  O  and  NO  may  be  that  tri  .omic  molecul  »s 
can  undergo  changes  in  geometry  between  the  negative  ion  and  neutral 
ground  state.  A  significant  change  in  geometry  can  lead  to  a  vertical 
electron  affinity  which  is  appreciably  higher  than  the  adiabatic  value  since 
uie  product  will  be  formed  in  a  high  vibrational  level.  In  many  cases, 
earlier  experimental  va,  uea  reported  for  electron  affinities  have  been  high 
and  have  tended  to  become  lower  as  measurements  have  improved.  The 
values  for  the  molecular  species  listed  in  Table  II  are  the  currently  accepted 
values  and,  in  general,  tend  to  be  lower  than  those  reported  in  earlier 
publications. 

If  changes  in  geometry  take  place  when  going  from  the  neutral  to 

negative  ion  of  such  a  molecule  as  O^,  they  would  tend  to  lower  the 

symmetric  charge  transfer  cross  section.  The  cross  section  vailues  measured 

for  on  here  are  lower  than  one  would  normally  expect  for  symmetric 

charge  transfer  between  two  atomic  species  where  geometry  is  not  a 

-15  2 

consideration.  H  +  H  has  a  cross  section  of  approximately  4x  10  cm 

“1 6  2  “ 

at  200  eV  as  opposed  to  approximately  4x10  cm  for  on  O^.  The 

structure  of  ir.  the  gas  phase  is  knowm  wdth  considerable  accuracy  the 

o  15 

0-0-0  bond  angle  being  116  47’  ±  2'.  For  the  negative  ion,  the  bond  angle 
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is  less  well  known,  the  value  being  predicted  to  be  110°  ±  5°  by  Smith. 

This  prediction  has  been  supported  by  the  solid  phase  £ISR  resvilts  of 

17 

Tagaya  and  Takeshi.  The  low  value  of  the  O  on  O  cross  section  obtained 

here  may  indicate  die  difference  in  angle  may  be  greater  than  6°  but  may 

also  be  the  result  of  the  fact  that  the  primary  ion  is  formed  in  high 

vibrational  levels  which  would  tend  to  make  this  cross  section  smaller  than 

one  would  expect  for  a  resonant  process. 

Ir.  Fig.  2,  the  data  for  the  three  species  in  Table  II  which  have  electron 

affiiiities  lower  than  that  of  O  ,  namely,  O  ,  O  and  OH  ,  are  presented. 

3  A 

All  three  cross  sections  are  large,  the  one  for  OH  on  O^  being  the  largest. 
This  latter  case  has  the  closest  energy  balance  (see  Table  U).  All  three 
reactions  are  exothermic  and  it  is  probable  that  the  excess  energy  in  the 
reactions  may  be  absorbed  into  vibrational  energy  of  the  products.  For  O 
on  ozone  the  excess  energy  is  approximately  1.  5  eV  which  is  equal  to  the 
O  bond  energy  (D  (0  -0  )  ?=  1.  5  eV).  Here  the  energy  may  be  taken  up 

J  O  m 

by  vibrationally  excitation  of  both  the  O  and  O  products  or  partially  by 

M  3 

formation  of  the  O  in  the  excited  (a^A  ).  This  latter  state  lies  0.98  eV 
^  g 

above  the  neutral  ground  state. 

For  the  reactions  O  +  O  and  O  +  O  ,  thermal  energy  values  of  the 

3  M  5 

2 

rate  coefficients  have  been  measured  previously.  The  measured  points  are 
included  in  our  figure  and  a  smooth  interpolation  of  our  data  to  these  results 
is  shown.  For  OH  +  O^,  no  thermal  energy  values  has  been  determined. 

The  extension  of  our  data  was  made  using  the  extrapolation  procedure 
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i  A  '  •  • 

previously  employed.  It  is  of  interest  to  note  that  for  O  +02  and 

^  t 

O  +  O  the  extrapolation  procedure  gave  thermal  energy  rate  constants 

that  were  higher  by  approximately  a  factor  of  2  compared  to  the  measured 
» 

values  shown  in  the  figure. 

The  electron  affinities  of  F  '■  and  Cl  are  greater  than  that  for 
and  as  a  consequence  the  processes  are  endothermic.  The  cross  sections 
for  charge  exchange  with  these  species  is  merefore  small  as  indicated 

I 

in  Table  I. 

The  reaction  of  NO  with  O  is  of  interest  since  the  electron  affinity 
A  3 

of  NO_  is  in  doubt.  Fehsenfeld  et  al.  have  established  that  the  NO  electron 

A  <  t  ia 

affinity  should  be  greater  than  1.  8  eV  since  the  reaction 

QH'^  +  NO„-^NO"  +  OH 
M  '  z 

13 

is  known  to  proceed  at  thermal  energies  with  a  large  rate  coefficient. 

Our  results  here  indicate  that  the  electron  affinity  of  this  species  must 

be  close  to  that  of  ozone  since  both  the  forward  and  reverse  negative 

reactions  v-dth  these  two  species  are  found  to  proceed  (see  Fig.  3)  with 

nearly  equal  cross  section  at  the  lowest  energies  measured. 

In  the  above  reactions,  the  cross  sections  are  seen  to  be  appreciable 

when  the  reaction  is  exothermic.  The  largest  cross  section  at  low  energies 

is  for  the  OH  on  which  has  the  smallest  energy  deltot.  This  result  is 

3,4 

consistent  with  previous  positive  ion  charge  transfer  '  reactions  which 
show  that  if  near  energy  resonance  exists,  the  process  proceeds  with  a 
high  probability. 
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TABLE  I 


Cross  section  upper  limits  for  some  negative  ion 
charge  transfer  reactions  with  ozone  in  the 
impact  energy  range  from  1  to  10  eV. 


Reaction  _ 

F"  + 

Cl"  +  o,-— a  +  O" 

3  3 

CO"  +  O CO_  +  0  +  0" 
3  3  2  3 


Cross  section 
upper  limit 


2  X  10 


17 


2  X  lO"^^ 
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TABLE  n 


Electron  affinities  of  the  atoms  and  molecules  studied. 


Species 

Electron  Affinity 
(eV) 

O 

1.  478*^ 

F 

3.5^ 

Cl 

3.  7^ 

OH 

u 

00 

• 

°2 

0.43*^ 

NO^ 

~2.  0® 

°3 

1.9^ 
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